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Editorial on the Research Topic

Optimized gene-engineering and combination therapies to boost gdT
cell immunotherapeutic performance
This collection of original research articles, reviews and perspectives summarizes the

state-of-the-art in gdT cell immunotherapy, and examines it in the broader context of

allogeneic chimeric antigen receptor (CAR-T) therapies for cancer. The topics covered

include a review of specific gdT cell clinical trials, alone or in the context of alternative

allogeneic cellular immunotherapy approaches, and a range of pre-clinical studies that

focus on gdT cell combination with checkpoint blockade, modulators of the cholesterol

biosynthesis pathway, bispecific T cell engagers (BiTes), angiogenic blockers, as well as gdT
cell therapeutic homing, enhanced methods of gdT cell product manufacture, and, finally,

an overview of the latest in gdT cell synthetic engineering.

Interest in cancer immunotherapy using non-canonical lymphocytes has grown

steadily since the early 2000s (1, 2). Much of this interest is driven by the perception of

specific limitations of the more widely adopted gene-modified abT cell therapies (3), which

have produced transformative shifts in the treatment of CD19+ and BCMA+ B cell

malignancies, but have yet to produce similar breakthroughs in the treatment of other

leukaemia types or solid tumours. Additionally, the major histocompatibility complex

(MHC) recognition-driven alloreactivity of peripheral abT cells has restricted their use

predominantly to autologous adoptive transfer, which is accompanied by high cost and

complex logistics of product manufacture (4).

gdT cells, natural killer T cells (NKT) and NK cells are all alternative cytotoxic

lymphocyte (CTL) sources that are MHC non-restricted and do not cause graft versus

host disease (GvHD). All are further easily accessible in the peripheral blood of healthy

donors, from which they can be expanded and genetically modified using GMP-compatible

methods. gdT cells offer a particularly attractive route for cellular immunotherapy

development, as their phenotype combines features of a range of the afore-mentioned

cells. Like classical abT cells as well as NKT cells, gdT cells express a T cell receptor (TCR).

What defines the gdT cell subset is its expression of TCRg/d as opposed to TCRa/b
heterodimers. While different TCRg/d clones have been found to engage various atypical
frontiersin.org015

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1414812/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1414812/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1414812/full
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1414812/full
https://www.frontiersin.org/research-topics/50801
https://www.frontiersin.org/research-topics/50801
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2024.1414812&domain=pdf&date_stamp=2024-04-18
mailto:m.barisa@ucl.ac.uk
https://doi.org/10.3389/fimmu.2024.1414812
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2024.1414812
https://www.frontiersin.org/journals/immunology


Barisa et al. 10.3389/fimmu.2024.1414812
MHCs loaded with sulfatide or lipid antigens, as well as

butyrophilin and butyrophilin-like molecules, TCRg/d biology

and ligand recognition remain poorly understood (5).

In addition to the TCR, gdT cells express a range of receptors

that are also expressed by NK cells. These are activated by ligand

patterns of cellular stress and transformation, and include NKG2D,

DNAM-1, NKp30 and NKp44. Both NK and gdT cells can further

express receptors that engage humoral immunity, including Fc

receptor CD16. Upon target engagement, human gdT cells can

exhibit prolific Th1-type cytokine production and cytotoxicity.

Murine gdT cells further appear to present with a thymically-

determined Th1/Th17 functional dichotomy characterised by

IFN-g and IL-17 production, respectively, though the degree to

which this is relevant for primate gdT cell biology remains

unknown (6).

Olofsson et al. open this Research Topic by exploring gdT cell

anti-tumour functionality in their article on Vg9Vd2 cell tumour

antigen cross-presentation to abT cells. Vg9Vd2 cells are the most

common peripheral gdT cell subset, and their ability to cross-

present antigens has been described in several contexts (7, 8).

This unique aspect of their biology represents a significant

additional route of immune response modulation that gdT cells

possess in contrast to abT cells or NK cells.

Despite this range of features that make them attractive for

cellular oncoimmunotherapy, clinical trials testing gdT cell adoptive

transfer interventions have produced mixed results. Ling Ma et al.

provide a comprehensive overview of the data that has been

published on a range of gdT cell adoptive immunotherapy trials.

Smirnov et al. then expand on this further with their review, placing

gdT cell studies in the broader context of allogeneic CAR-T clinical

efforts at large, where gdT cells are considered alongside TCR-

knockout or otherwise modified abT cells, virus-specific CTLs and

induced pluripotent stem cells. Lv et al. continue this theme with

their review, which explores current approaches to overcome

allogeneic cellular immunotherapy GvHD and host rejection.

Their review considers gdT cell immunotherapy alongside that of

NK cells, NKT cells, mucosal invariant T cells and pluripotent

stem cells.

The most sizeable portion of the Research Topic focuses on pre-

clinical data reports that examine gdT cell therapeutic

combinations. In all cases, the type of gdT cell discussed is the

peripherally-dominant Vg9Vd2 subset. Liou et al. describe a novel

approach to modulating TCR engagement by increasing tumour

cell accumulation of the Vg9Vd2-TCR ligand, isopentenyl

pyrophosphate (IPP). They achieved this by knocking out the

IPP-catalyzing enzyme, farnesyl diphosphate synthase, using

short-hairpin RNA. This work is followed by a range of studies

examining Vg9Vd2 cell checkpoint receptor expression and

blockade, with a compelling if complex set of results.

Ridgley et al. examined Vg9Vd2 T cell checkpoint receptor

expression following phosphoantigen challenge, and found that, in

the context of their THP-1 acute myeloid leukaemia model, TIM-3,

LAG-3 and NKG2A, but not PD-1, were promising targets for

checkpoint blockade. Curiously, however, they reported that –

despite the substantial upregulation of these receptors upon T cell
Frontiers in Immunology 026
challenge – the team were unable to identify a cytotoxic or cytokine

benefit of applying checkpoint blockers, speculating instead that

these may play a more important role in de-repressing T cell

proliferation. This was in some contrast to a report by Lui et al.,

where PD-1 blockade was efficacious at enhancing Vg9Vd2 cell

immunotherapy against mesothelioma in vitro and in vivo,

especially against PD-L1 high tumours, but not in a manner that

was dependent on pyroptosis. Giannotta et al., meanwhile, reported

that, in the context of multiple myeloma, PD-1+ bone marrow

Vg9Vd2 T cells exhibited phenotypic, functional alterations that are

consistent with chronic exhaustion and immune senescence.

Importantly, they found that PD-1, TIM-3 and LAG-3

checkpoints were upregulated on Vg9Vd2 cells in a hierarchical

manner, and that the blockade of specific combinations of these

could exacerbate, rather than rescue, gdT cell dysfunction. Their

data indicated that a PD-1/LAG-3 blockade combination is the

most effective in the context of multiple myeloma. The group

concluded that immune checkpoint blockade should be tailored

to the disease to enhance the positive and minimise the negative

effects - an observation that is likely relevant for all gdT cell

therapeutic combinations.

Yang et al. evaluated Vg9Vd2 cell checkpoint interactions in the

context of targeting with BiTes, specifically anti-PD-L1 x anti-CD3

BiTes. A therapeutic combination of expanded Vg9Vd2 cells with

BiTe was efficacious against models of PD-L1-expressing non-small

cell lung carcinoma. Branella et al. took an alternative approach to

Vg9Vd2 cell BiTes. The group developed an acute myeloid

leukaemia-targeting CAR-gdT cell that also secreted a BiTe

against c-kit, both knocked in via transient transfection. The

CAR/BiTe-modified gdT cells moderately extended survival of

NSG mice engrafted with disseminated AML, but therapeutic

efficacy was limited by a lack of gdT cell homing to murine bone

marrow. This report was followed by a second report from the same

group (Trent Spencer, Emory), where Parwani et al. examined the

lack of Vg9Vd2 cell homing to NSG mouse bone marrow in greater

detail. Interestingly, while they showed that total body irradiation of

the animals could increase human gdT cell migration to the bone

marrow, this was passive accumulation rather than homing. gdT cell

homing could be induced by providing sources of CCL-2 within the

tumour microenvironment.

Bold et al. reported a new way to manufacture Vg9Vd2 cells in a

GMP-compatible manner, by switching from RPMI1640-based

media to CTS OpTmizer-based media, and increasing both

zoledronic acid and IL-2 concentrations, as well as extending

expansion period, in order to achieve greater cytotoxic efficacy of

their products.

Zhang et al. reported an unexpected finding in murine models

of breast cancer, whereby low-dose VEGFR2 mAb or VEGFR2-

tyrosine kinase inhibitors were efficacious, while high-dose

VEGFR2 mAb was not. The mechanism they identified for this

was that high-dose anti-VEGFR2 mAb treatment elicited IL-17A

expression in resident gdT cells via VEGFR1-PI3K-AKT pathway

activation, and that this then promoted N2-like neutrophil

polar izat ion and consequent shaping of the tumour

microenvironment to a suppressive state. While compelling, given
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https://doi.org/10.3389/fimmu.2021.645131
https://doi.org/10.3389/fimmu.2023.1140623
https://doi.org/10.3389/fimmu.2021.780145
https://doi.org/10.3389/fimmu.2023.1199145
https://doi.org/10.3389/fimmu.2022.1012051
https://doi.org/10.3389/fimmu.2022.1065495
https://doi.org/10.3389/fimmu.2023.1282710
https://doi.org/10.3389/fimmu.2022.1073227
https://doi.org/10.3389/fimmu.2021.654080
https://doi.org/10.3389/fimmu.2023.1294555
https://doi.org/10.3389/fimmu.2024.1331322
https://doi.org/10.3389/fimmu.2023.1185564
https://doi.org/10.3389/fimmu.2021.699478
https://doi.org/10.3389/fimmu.2024.1414812
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Barisa et al. 10.3389/fimmu.2024.1414812
the species differences, it remains unclear how directly this applies

to human gdT cells and breast cancer.

To conclude the Research Topic, Yuan et al. summarize and

critically evaluate the latest developments in gdT cell synthetic

engineering, covering topics like CAR-T, TCR gene transfer and

combination with gdT cell engagers. The team then discuss the

implications of these latest engineering strategies, and the

challenges that lie ahead for engineered gdT cell monotherapy

and combinatorial approaches. As this collection of articles

highlights, much exciting pre-clinical and clinical exploration of

gdT cell combinatorial and gene-modified approaches is taking

place. The coming decade of clinical trial data will shape the

direction of the gdT cell immunotherapy field within oncology

and beyond.
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Boosts the Anti-Tumor Potency of
the Expanded Vg2Vd2 T Cells
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Zili Wang1, Shasha Xu1, Qian Ni1, Yan Xue1, Zhen Fu1, Liang Zeng1, Lijuan Fang1,
Yongxiang Yan1, Jing Zhang1, Lu Gan2, Jizu Yi1* and Pengfei Zhou1*

1 Research and Development Department, Wuhan YZY Biopharma Co., Ltd, Wuhan, China, 2 National Engineering Research Center
for Nanomedicine, College of Life Science and Technology, Huazhong University of Science and Technology, Wuhan, China

Vg2Vd2 T cell-based immunotherapy has benefited some patients in clinical trials, but the
overall efficacy is low for solid tumor patients. In this study, a bispecific antibody against
both PD-L1 and CD3 (PD-L1 x CD3), Y111, could efficiently bridge T cells and PD-L1
expressing tumor cells. The Y111 prompted fresh CD8+ T cell-mediated lysis of H358
cells, but spared this effect on the fresh Vd2+ T cells enriched from the same donors,
which suggested that Y111 could bypass the anti-tumor capacity of the fresh Vg2Vd2 T
cells. As the adoptive transfer of the expanded Vg2Vd2 T cells was approved to be safe
and well-tolerated in clinical trials, we hypothesized that the combination of the expanded
Vg2Vd2 T cells with the Y111 would provide an alternative approach of immunotherapy.
Y111 induced the activation of the expanded Vg2Vd2 T cells in a dose-dependent fashion
in the presence of PD-L1 positive tumor cells. Moreover, Y111 increased the cytotoxicity
of the expanded Vg2Vd2 T cells against various NSCLC-derived tumor cell lines with the
releases of granzyme B, IFNg, and TNFa in vitro. Meanwhile, the adoptive transferred
Vg2Vd2 T cells together with the Y111 inhibited the growth of the established xenografts in
NPG mice. Taken together, our data suggested a clinical potential for the adoptive
transferring the Vg2Vd2 T cells with the Y111 to treat PD-L1 positive solid tumors.

Keywords: [CD3xPD-L1], Vg2Vd2 T cells, adoptive transfer, immunotherapy, NSCLC
INTRODUCTION

Vg2Vd2 T cells, accounting for about 90% of total gd T cells in the peripheral bloodstreams of
healthy adults, appear to be a fast-acting and non-conventional T-cell population that contributes to
both innate and adaptive immune responses to microbial infections and cancers (1). Due to their
unique biological functions, Vg2Vd2 T cells have been widely used for adoptive cell immunotherapy
Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity; ATCC, American Type Culture Collection; BsAb,
bispecific antibody; CBA, cytometric bead array; CFSE, carboxyfluorescein succinimidyl ester; EGFR, epidermal growth factor
receptor; Fab, antigen-binding fragment; ICS, intracellular cytokine staining; IHC, Immunohistochemistry; IFNg, interferon
Gamma; NPG, NOD.Cg-Prkdcscid IL2rgtm1Vst/Vst; NSCLC, non-small cell lung cancer; PBMCs, peripheral blood
mononuclear cells; PD1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; PI, propidium iodide;
TNFa, tumor necrosis factor alpha; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; scFv, single-chain
variable fragment.
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in clinical trials to treat a broad range of cancer patients who
have been resistant to the standard therapies (2). In the past
decades, the phase I/II clinical trials demonstrated that the
adoptive Vg2Vd2 T cell-based therapy was safe, but showed
limited efficacy (3). The poor infiltration of the transfused
Vg2Vd2 T cells into the tumor sites and the anti-tumor
activities of Vg2Vd2 T cells impaired in the tumor
microenvironment may cause the failure of the current therapy
(4, 5).

There is an unmet need for the development of novel
strategies to improve the therapeutic efficiency of the current
Vg2Vd2 T cell-based immunotherapy (6). Over three decades
ago, Ferrini et al. initially proposed the concept that bispecific
antibodies (bsAbs) targeting the gd TCR and a folate binding
protein enhanced the cytotoxic activity of the gd T cells against
human ovarian carcinoma cells (7). Several studies exploited the
synergic effects of bsAbs and the Vg2Vd2 T cells on fighting
tumors in recent years. The combination of bispecific antibodies,
(Her2 x CD3) or (Her2 x Vg2) (8, 9), together with the
transferred Vg2Vd2 T cells in the presence of IL2, achieved a
delay in the growth of pancreatic ductal adenocarcinoma tumor
in murine models (10). Another bispecific VHH construct
(namely 7D12-5GS-6H4), targeting epidermal growth factor
receptor (EGFR) and Vd2-TCR, was also reported to activate
Vg2Vd2 T cells (11), and to prolong significantly the survival
time of xenograft bearing mice in the presence of the transfused
Vg2Vd2 T cells with the repeated injections of IL2 (12).
Moreover, a recent study demonstrated that the combination
of anti-Tim3 mAb, T-cell redirecting bispecific antibody MT110
(EpCAM x CD3), and IL2 could further enhance the anti-tumor
effects of the transfused Vg2Vd2 T cells in tumor-bearing nude
mice (13). However, these bispecific molecules were either
originally from mice, which raised the risks of the
immunogenicity in human beings, or in a form of VHH
structure, which could have a short half-life time in the blood
(14). Thus, an IgG-like bispecific antibody would display better
pharmacokinetics comparing to those antibody fragments.
Although these studies showed that the gd TCR-based
bispecific antibodies displayed modest activities of tumor
growth inhibitions with the co-administration of IL2 (7–13),
these approaches seemed less attractive than the exploring of
CD3-targeting bsAbs. We hypothesized that a tumor associated
antigen and CD3-targeting bispecific antibody, rather than
targeting to only gd TCR, would enhance the anti-tumor effects
of the transfused Vg2Vd2 T cells even without administration of
phosphoantiens and IL2 into the animals.

Lung cancer is still the leading cause of the deaths of cancer
patients worldwide (15). The clinical response rates to the
current first or second-line treatment of non-small cell lung
cancer (NSCLC) patients, which accounts for approximately 85%
of the total lung cancers, are still unsatisfying (16, 17). The
adoptive transfer of Vg2Vd2 T cells could reduce the growth of
NSCLC cell line-derived xenografts and prolong the survival of
tumor-bearing mice (18, 19). Yet, this immunotherapy failed in
its efficacy evaluation of clinical trials during the past decades
(20–22). Meanwhile, the landscape-changing “Magacurve” for
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advanced NSCLC showed the therapeutic successes of PD1/PD-
L1 blockade (23), even though the monotherapy of anti-PD1/
PD-L1 mAb resulted in positive response of only ~ 15-30% of
NSCLC patients (24). Hence, a combination strategy of the
Vg2Vd2 T cells-based adoptive transfer therapy together with
PD-L1-targeted therapy is worth to be explored for the
NSCLC treatment.

In this study, we designed a novel IgG-like bispecific antibody
Y111, targeting both PD-L1 and CD3, on the format of Y-body®

in which the anti-PD-L1 half antibody maintains its binding
affinity to the PD-L1-positive tumor cells while the anti-CD3
scFv may reduce its binding affinity to the T cells (25, 26). Y111
could bridge the T cells and PD-L1 expressing tumor cells, and
prompted fresh CD8+ T cell-mediated lysis of H358 cells but
spared this effect on the fresh gd T cells enriched from the same
donors, which suggested that Y111 could bypass the anti-tumor
capacity of the fresh Vg2Vd2 T cells. We then found that Y111
could selectively trigger the activation of the expanded and
purified Vg2Vd2 T cells dependent on the presence of PD-L1-
positive tumor cells. Furthermore, Y111 enhanced the
cytotoxicity of Vg2Vd2 T cells against various NSCLC cell lines
with the secretion of IFNg, TNFa, and Granzyme B.
Furthermore, the combination of Y111 and transfused Vg2Vd2
T cells displayed effective inhibitory effects on the growth of the
established xenograft in immunodeficient NPG mice. Taken
together, our data demonstrated a new strategy for potentially
efficient Vg2Vd2 T cell-based immunotherapy for NSCLC and
other types of cancers.
MATERIALS AND METHODS

Expression and Purification of
Bispecific Antibody
The Y111 is a recombinant anti-PD-L1 and anti-CD3 (PD-L1 x
CD3) bispecific antibody (Figure 1A) generated from the CHO
cell expression system. The anti-PD-L1 monovalent unit was
from the drug bank website (https://go.drugbank.com/drugs/
DB11595). The anti-PD-L1 sequence was reversely translated
into the DNA sequence, and the anti-CD3 single-chain DNA
sequence was reversely translated from the protein sequences of
anti-CD3 monoclonal antibody 2A5 (27). These coding gene
sequences were synthesized, inserted into the pEASY-T1 vector
(Transgene, Beijing, China), and verified by sequencing the
entire vectors by Huada Gene (Wuhan, China). The control
molecule, CD3 Isotype, targeting both CD3 and fluorescein
[derived from Clone 4-4-20 (28)] was similarly constructed
(Supplementary Figure 1). Subsequently, these expression
vectors were transfected into the CHO cells (Invitrogen,
Carsbad, USA) using Fecto PRO Reagent (Ployplus, New York,
USA) according to the manufacturer’s protocols. After culturing
for 7-days, the supernatant was collected and purified serially by
Sepharose Fast Flow protein A affinity chromatography column
(GE, Milwaukee, USA), Fab Affinity KBP Agarose High Flow
Resin (ACROBio systems, Newark, USA), and SP cation
exchanged chromatography column (GE, Milwaukee, USA).
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Cancer Cell Lines
Four human NSCLC cell lines, including NCI-H1975 (human
adenocarcinoma epithelial cell line, CRL-5908), NCI-H358
(human lung bronchioalveolar carcinoma cell line, CRL-5807),
A549 (human adenocarcinoma epithelial cell line, CRL-185), and
NCI-H1299 (human NSCLC metastatic cell line, CRL-5803) were
purchased from ATCC. Cells were cultured in RPMI 1640 medium
(Gibco, New York, USA) supplemented with 10% FBS (ExCell,
Clearwater, USA) except for A549, which was cultured in F-12K
medium (Gibco, New York, USA) supplemented with 10% FBS.
Before culture, the viability and density of cells were determined by
the Vi-Cell counter (Beckman Coulter, Indianapolis, USA). All cell
lines in use were routinely tested to make sure free of Mycoplasma
infection using a 16s-based PCR kit (Vazyme, Nanjing, China), and
new cultures were established monthly from frozen stocks as
described previously (29).

Cell Binding and Co-Binding Assays
Cells were incubated in the presence of serially diluted antibodies
for 1 hour at room temperature. Subsequently, the cells were
washed twice in PBS buffer (PBS+2%FBS+ 2 mM EDTA) and
stained for 25 minutes with PE-conjugated anti-human IgG Fc
antibody (HP6017, Biolegend, San Diego, USA) diluted in 1:100
Frontiers in Immunology | www.frontiersin.org 310
into PBS buffer. The bound antibodies were measured using
flow cytometry.

To determine the cell-to-cell association mediated by Y111,
CFSE-stained H1975 cells were co-cultured with PKH26-labeled
Jurkat cells at a ratio of 1:1 with specified concentrations of the
Y111 or CD3 Isotype for 1-hour in a 96-well-plate. The samples
were measured with a FACSelesta instrument (BD, San Jose,
USA) and analyzed with FlowJo software (BD, San Jose, USA).
Co-binding% of two cells mediated by bispecific antibodies was
indicated as the percentages of both CFSE and PKH26 double-
positive cells among the total cells.

Ex Vivo Expansion of PBMCs and
Purification of Vg2Vd2 T Cells and
Other T Cell Subsets
Human peripheral blood mononuclear cells (PBMCs) were first
isolated from the fresh blood of randomized healthy donors
(LDEBIO, Guangzhou, China) by density gradient centrifugation
using Ficoll-Hypaque PLUS (GE, Milwaukee, USA). The purified
PBMCs were frozen in liquid nitrogen to mimic the clinic
situation in which the frozen PBMCs was usually utilized as
the starting point for evaluating the anti-cancer efficiency of the
Vg2Vd2 T cells. After quick thawing, the cell numbers were
A B

C

FIGURE 1 | Generation and purification of Y111, a bispecific antibody targeting both CD3 and PD-L1. (A) Schematic diagram of bispecific antibody Y111, which
consists of a monovalent unit adapted from Tecentriq, a monoclonal antibody targeting PD-L1, and a single-chain variable fragment (scFv) from 2A5 (27), a
monoclonal antibody for CD3 activation. The red asterisk indicates N297Q mutation for precluding Fc receptor-mediated crosslinking. (B) SDS-PAGE analysis of the
purified Y111 under non-reducing (NR, left) and reducing (R, right) conditions. Nivolumab is a monoclonal antibody used as a control. Molecular weight (MW) is
indicated in KDa. The MW of Y111 is a little smaller than the monoclonal antibody Nivolumab as indicated from NR gel. There are 3 and 2 bands for Y111and
Nivolumab in reducing gel respectively as expected. Please note that the nominal MW of Y111H is 48.850 KDa, Y111L is 23.365 KDa, scFv is 52.057 KDa, and
intact Y111 is 124.272 KDa as predicted by their protein sequences. The predicted nominal MW of Nivolumab is 143.597 KDa, the predicted MW of heavy (NH) and
light (NL) chain of Nivolumab is 48.422 KDa and 23.359 KDa, respectively. (C) Size-exclusion chromatograms of Y111 purified by Protein-A and ion-exchange
chromatography. The purity for this Y111 sample is 99.63%.
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counted using AO/PI after staining with Cellometer K2
Fluorescent Cell Viability Counter (Nexcelom Bioscience,
Lawrence, USA), and the PBMCs were cultured in RPMI 1640
medium supplemented with 10% FBS, 2.5 mM Zoledronic Acid
(Sigma Aldrich, Darmstadt, Germany), and 1000 IU/mL IL2
(Sihuan Pharma, Beijing, China) at 2×106 cells/mL seeded in 6-
well-plate as described (30). Every 3 days, half the volume of the
culture media was removed and replaced with fresh cell-culture
media containing 1000 IU/mL IL2. During days 12-14, Vg2Vd2
T cells were purified from the expanded PMBCs by negative
selection using the TCR g/d + T Cell Isolation Kit
(Miltenyi Biotech, Teterow, Germany). The Vg2Vd2 T cells
purity was assessed by flow cytometry, and the purified (>96%)
Vg2Vd2 T cells were further cultured in RPMI 1640 medium
supplemented with 10% FBS overnight for rest. Then, these
Vg2Vd2 T cells were used for functional analyses by in vitro
assays and in vivo anti-tumor studies (Supplementary Figure 2).
In some assays, the T cell subsets were purified from freshly-
collected PBMC using the respective negative isolation kits
(Miltenyi Biotech, Teterow, Germany) according to the
manufacturer’s instructions.

Intracellular Cytokine Staining (ICS) for
T Cell Functional Evaluation
Flow cytometry was performed as described in the previous
reports (31, 32). H1975 cells were firstly plated in a 24-wells
plate. On the next day, expanded and negatively enriched
Vg2Vd2 T cells were added into each of the wells with doses of
Y111 or CD3 Isotype together with BV510-anti-CD107a (H4A3,
Biolegend, San Diego, USA) and BFA (Golgi Plug, BD, San Jose,
USA). After co-cultured for 6 hours, the cells were stained with
Zombie Fixable Viability Kit (Biolegend, San Diego, USA),
followed by incubation with APC-anti-CD3 (SP34-2, BD, San
Jose, USA), PE-anti-Vd2 (B6, Biolegend, San Diego, USA) for
20 min at room temperature in dark. The cells were
permeabilized for 30 min at 4 degrees (Cytofix/Cytoperm, BD,
San Jose, USA). After wash, the cells were incubated fixation
buffer with BV650-anti-IFNg (4S.B3; Biolegend, San Diego,
USA), BV421-anti-TNFa (Mab11, Biolegend, San Diego, USA)
for 30 min at room temperature in dark. Then cells were washed
and collected by a BD FACSelesta flow cytometry.

In Vitro Tumor Cell Killing Assay
On the first day of the cytotoxicity assay, 2X104 CFSE-labeled
target cells were seeded and co-cultured with the enriched- and
expanded- Vg2Vd2 T cells at an E: T ratio of 1:1, or with the T
cell subsets at 1:10 with various doses of indicated antibodies.
The cells were incubated at 37°C for 12 h in a humidified CO2

incubator. Flow cytometry was used to determine antibody-
induced cytotoxic activity-mediated by Vg2Vd2 T cells. The
percentages of CFSE and PI double-positive cells among the
total of target cells (CFSE+) were defined as “Cytotoxicity %”.

Cytometric Bead Array Method
To measure the cytokines released from Vg2Vd2 T cells, the
supernatants were harvested from the samples co-cultured with
Frontiers in Immunology | www.frontiersin.org 411
the T cells and tumor cells. Flex Set kits (BD, San Jose, USA) were
used to measure the human IFNg, TNFa, and Granzyme B
according to the manufacturer’s instructions. To determine the
production of cytokines induced by the antibodies, the raw
values were subtracted from the values of E+T groups in the
absence of the tested antibodies.

In Vivo Mice Tumor Model Analysis
Female Nonobese diabetic/severe combined immunodeficiency
mice (NOD. Cg-Prkdcscid IL2rgtm1Vst/Vst, NPG) were obtained
from the VITALSTAR (Beijing, China) at ages of 6-8 weeks and
housed in the central laboratory in Hubei Province Food and
Drug Safety Evaluation Center. 5 x10^6 H1975 cells were injected
s.c. into NPG mice for xenotransplantation on Day 0. On Day 15
when tumor volumes reached about 220 mm3, mice were
randomly divided into four groups (n = 7 per group). On Day
17, the grouped mice were injected i.v. with 1 x10^6 purified
Vg2Vd2 T cells with 1 mg/kg or 4 mg/kg Y111 or PBS as the
control. This injection was repeated on Day 20, 24, and 27 (twice
a week for 2 weeks).

For each treatment, the purified Vg2Vd2 T cells displayed the
mature phenotype of the T cells indicated by that the IL2
treatment increased the expressions of CD86, CD69, and HLA-
DR (Supplementary Figure 2). Tumor volumes were measured
with a digital caliper three times a week and calculated using the
formula: Tumor Volume (mm3) = (a x b2)/2, where “a” is the
longitudinal length and “b” is the transverse width.

IHC Analysis
To assess the infiltration and accumulation of transferred Vg2Vd2 T
cells in vivo, mice were sacrificed on Day 39. The tumor tissues were
immediately removed, cut into small pieces, and embedded in 4%
paraformaldehyde for fixation. Then these tumor pieces were
sectioned, stained staining with a rabbit-anti-human CD3
antibody (SP7, Abcam, Cambridge, USA), and examined on a
Nikon microscope (Tokyo, Japan). Positive cells were counted in
five randomly selected microscopic fields (magnification 20X) and
supplied for further quantification analysis.

Statistical Analyses
Statistical analyses were performed with Prism 6.0 (GraphPad,
San Diego, USA) and data were shown as mean± SEM. Non-
linear regression methods were applied for analyses of cell
binding, co-binding, activation, and cell-based killing activities,
and the results were plotted as “Dose-Response Curves”. P values
were assessed by student’s t-test, nonparametric Mann–Whitney
U test, one-way or two-way ANOVA, and Dunnett test or Tukey
multiple comparisons as appropriate. P values <0.05 were
considered significant.
RESULTS

Characterization of Y111
Y111 (PD-L1 x CD3), a both PD-L1- and CD3-targeting
bispecific antibody, that redirected T cells to attack PD-L1-
May 2021 | Volume 12 | Article 654080
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expressing cancer cells, was designed under the Y-body®

platform (25, 26). Y111 consisted of a Fab structure targeting
PD-L1, a single-chain variable fragment (scFv) targeting CD3
originated from a monoclonal antibody 2A5 (27) for activating T
cells, and a modified Fc region (Figure 1A) from human IgG1.
The Fc region of Y111 was engineered with the mutations for
both “Knob-into-Hole” match for the favorable formation of the
heterodimer between the heavy chains and the single chain, and
the deficiency of ADCC activity (25). The molecular weight of
the Y111 generated from CHO expression was verified by non-
reduced and reduced SDS-PAGE analyses (Figure 1B).
As expected, under reducing conditions the three bands in
the gel demonstrated the three chains of Y111, i.e., heavy
chain (Y111H: ~ 52 kDa), light chain (Y111L: ~ 28 kDa), and
single-chain (scFv: ~ 57 kDa) (Figure 1B), while a monoclonal
antibody Nivolumab displayed two bands consisting of the heavy
(NH) and light (NL) chains (Figure 1B). The purity of the Y111
was determined by size-exclusion chromatograms-HPLC (SEC-
HPLC) to be > 99% (Figure 1C).

Binding Properties of Y111
We assessed the affinity of Y111 at the anti-CD3 moiety on
Jurkat cells by flow cytometry. With the structural change to
Frontiers in Immunology | www.frontiersin.org 512
sFv from Fab, it was not surprising that the affinity of Y111
was 360-folds lower than that of 2A5 (the parental CD3 mAb
of Y111) to Jurkat cells, with the dissociation constants (Kd)
of Y111 and 2A5 binding to the Jurkat cells being 711.4 nM
and 1.96 nM, respectively (Figure 2A), which were consistent
with previous reports (14, 25). The KD values of the Y111
bispecific antibody and its parental PD-L1 mAb binding
to H1975 cells were 0.84 nM and 0.21 nM, respectively
(Figure 2B). The results demonstrated that the tumor cell-
based affinity of Y111 to PD-L1 was equivalent to its
parental mAb.

CD3-targeting bispecific antibody mediating T cells
recruitment to cancer cells is considered to be its critical
mechanism of action (MOA) (14). We, therefore, investigated
whether Y111 could bridge T cells to tumor cells through its
dual binding arms. To this end, Jurkat cells stained with CFSE
were incubated with H1975 cells labeled with PKH26 for 1
hour, then the proportion of double-positive cells was
measured to represent the bridging activity of Y111 (25). In
the presence of the CD3 Isotype (fluorescein x CD3) at 10 mg/
mL, the double-positive cell population was 1.79% (Figure
2C). In the presence of Y111 at the same concentration the
double-positive cell population was 34.6% (Figure 2C),
A B

DC

FIGURE 2 | Cell binding activities of Y111. (A, B) The binding affinity of Y111 to the CD3 expressed on the Jurkat cells (A), and the PD-L1 expressed on the H1975
cells (B). Flow cytometry was used to assess the geometric mean fluorescence (MFI) of the PE channel, and data were analyzed using the “One Site-Specific
binding” method through the least-squares fitting. Plotted dots were the means ± SEM of the triplicate wells from one of three independent experiments. (C, D)
Y111 bridged the tumor cell and T cells in a dose-dependent manner. CFSE-stained H1975 cells were co-cultured with PKH26-labeled Jurkat cells with a dose of
Y111 or CD3 Isotype for 1hour. Co-binding% was indicated as percentages of the CFSE and PKH26 double-positive cells (Q2) among cells. Representative co-
binding dot plots were shown in (C), a nonlinear regression depicting dose-dependent-association modulated by Y111was shown in (D) Data in (D) were
represented as mean ± SEM pooled from four independent experiments, and were analyzed using the “log (agonist) vs. response (three parameters)” method
through an ordinary fitting. Y111, a bispecific antibody targeting CD3 and PD-L1; CD3 Isotype, a control bispecific antibody targeting CD3 and fluorescein; CD3 mAb
and PD-L1 mAb, the parental monoclonal antibody targeting CD3 and PD-L1; Fc only, adding the PE-hFc only.
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suggesting that the Y111 significantly bridges the T cell and
tumor cell. This function of Y111 in inducing the tumor cell to
T-cell association displayed a dose-dependent manner with
EC50 ~ 72.1 pM, while the CD3 Isotype control was unable to
induce this cell-to-cell association (Figure 2D). Taken
together, these results demonstrated the unique binding
activities of Y111 by the anti-PD-L1 moiety to the tumor
cells and by the anti-CD3 moiety to the T cells.

Y111 Failed to Enhance the Cytotoxicity of
the Fresh gdT Cells
As the crosslinking of PD-L1 positive target cells with T cells
mediated by the Y111 bispecific antibody was expected to cause
the effector T-cell–dependent lysis of the target cells (14), we
checked whether Y111 redirected the fresh T cells to kill PD-L1
positive tumor cells. To this end, two T-cell subsets including
CD8+ and Vd2+ T cells were negatively isolated from the same
PBMCs samples, and co-cultured individually with H358 cells in
a ratio of 1:10 (E: T) in the presence of Y111 (Figure 3A).
Interestingly, we did not observe an elevated effect of Y111 on the
cytotoxicity of the fresh Vd2 T cells, but Y111 increased the
effects of CD8+ T cells on lysing the H358 cells in a Y111 dose-
dependent fashion (Figure 3B). This finding of the difference
between the two T-cell subsets was consistent with a previous
study using a bispecific antibody targeting Her2 and CD3. These
data showed that Y111 prompted the lysis of H358 cells mediated
by the fresh CD8+ T cells but spared this effect on the fresh Vd2
T cells enriched from the same donors, which suggested that
Y111 could bypass the anti-tumor capacity of the fresh Vg2Vd2
T cells.

The Activation of the Expanded and
Purified Vg2Vd2 T Cells by Y111 Was
Dependent on the Presence of PD-L1
Expressing Tumor Cells
As the adoptive transfer of the expanded and purified Vg2Vd2 T
cells has been shown a safe and well-tolerated therapy (20–22),
we tested the concept of the combination of the purified Vg2Vd2
T cells with Y111 in the following study. Firstly, we investigated
whether Y111 could bridge the expanded Vg2Vd2 T cells and
tumor cells. To this end, we measured the Y111-mediated co-
binding to the tumor cells and Vg2Vd2 T cells and found that the
Y111 efficiently prompted the double-positive population in the
co-culture system with the two types of cells (Supplementary
Figure 3). Next, the purified Vg2Vd2 T cells (the purity
and quality of Vg2Vd2 T cells were shown in Supplementary
Figure 2) were cultured with/without tumor cells in the presence
of the Y111 in a serial concentrations for 6 hours. We then
measured the cell surface expression of CD107a to assess the
degranulation of cytotoxic molecules (33), and the intracellular
expression of IFNg and TNFa (34). With the stimulation of both
Y111 and tumor cells, a higher proportion of Vg2Vd2 T cells
displayed potent effector functions and degranulation at 1 mg/mL
(~ 8.05 nM), which was not the case for CD3 Isotype (Figure 4A,
Supplementary Figure 4). Furthermore, the considerably
unregulated expression of TNFa, IFNg, and CD107a was
Frontiers in Immunology | www.frontiersin.org 613
aborted in the absence of tumor cells even under the
stimulation by Y111 (Figure 4A). These data indicated that the
activation of Vg2Vd2 T cells was controlled jointly by both Y111
and tumor cells. Moreover, this specific activation was in an
Y111 dose-depended manner (Figures 4B–D). Multifunctional
Vg2Vd2 T cells have been reported to play central roles in
controlling intracellular bacterial infection and killing
transformed tumor cells (1, 35). Indeed, we found the co-
stimulation of Y111 and H1975 cells induced larger
percentages of effector cells to produce multiple cytokines
simultaneously (Figure 4E). At last, we also observed a dose-
depended increase of these multifunctional Vg2Vd2 T cells after
co-incubation of both the Y111 and tumor cells (Supplementary
Figure 5). Taken together, these data demonstrated that the
efficient activation of Vg2Vd2 T cells was dependent on the
simultaneous binding of the Y111 to both Vg2Vd2 T cells and
PD-L1 positive tumor cells.

Y111 Increased the Killing of PD-L1-
Positive NSCLC Cell Lines Mediated by
the Expanded and Purified Vg2Vd2 T Cells
We chose four NSCLC cell lines including A549, H1299, H358,
and H1975 cells, as these four types of cancer cells express high
levels of PD-L1 (Supplementary Figure 6). When CFSE-stained
tumor cells were co-cultured with purified Vg2Vd2 T cells at a
ratio of 1:1 and a range of serially diluted Y111 antibody for 12
hours, tumor cells were killed efficiently by Y111 in a dose-
dependent manner, but not at all by CD3 Isotype or PD-L1 mAb
at any tested concentration (Figure 5). As Y111 alone did not
affect the viability of tumor cells (Supplementary Figure 7), it
was believed that the observed high cytotoxicity was directly
elicited by Y111-induced T cells. Although the anti-PD-L1
activity of Y111 may block the PD1/PD-L1 interaction and act
as a checkpoint inhibitor, our data showed that the PDL1-
antibody alone had little effect on the killing ability of the
Vg2Vd2 T cells against PDL1-positive tumor cells (Figure 5).
We noticed that only four pair dots might not provide
meaningful correlations, but we indeed found a negative trend
between the Y111-induced killing ability (EC50 values) and the
PD-L1 positive percentages (Supplementary Table 1).
Furthermore, Y111 plus the expanded Vg2Vd2 T cells did not
attack the normal cells (such as PBMCs) from other donors
(Supplementary Figure 8), suggesting the safety of the
combination of the Y111 and the expanded Vg2Vd2 T cells in
its potential clinical applications.

The Secretion of IFNg, TNFa, and
Granzyme B From Vg2Vd2 T Cells Was
Enhanced by Y111 Along With the Killing
of the Tumor Cells
The killing ability of Vg2Vd2 T cells induced by Y111
prompted us to check the production of killing cytokines,
including IFNg and TNFa, and cytotoxic mediator granzyme
B in the co-culture of the T cell and tumor cells. We found
Y111, but not CD3 Isotype or PD-L1 mAb could significantly
enhance the secretions of IFNg, TNFa, and granzyme B from
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the expanded Vg2Vd2 T cells in the presence of tumor cells
(Figure 6A). Moreover, the evaluated releases of IFNg and
TNFa, and granzyme B were consistent with the enhanced
killing ability of the Vg2Vd2 T cells mediated by Y111, as
inferred from the significant correlation coefficients between
Frontiers in Immunology | www.frontiersin.org 714
the secreted amounts of IFNg, TNFa, and granzyme B and the
cytotoxicity activities (Figure 6B). However, there is no
obvious increase of IFNg and TNFa in the co-cultures of the
expanded and purified Vg2Vd2 T cells and PBMCs from other
donors in the presence of Y111 (Supplementary Figure 8).
A

B

FIGURE 3 | Differential cytotoxicity of fresh CD8+ and Vd2+ T cells induced by Y111. (A) Representative plots show the purity of CD8+, and Vd2+ T cells enriched
from PBMC by negatively magnetic beads separation. (B) The purified T-cell subsets from PBMC were co-cultured with CFSE-stained H358 in the presence of serial
dilutions of the Y111 for the indicated time, then the proportions of killed target cells (PI+CFSE+) were plotted along with antibody concentration. The dots shown
were from 3 independent experiments with T cells obtained from 5 healthy subjects. Data were analyzed using the “log (agonist) vs. response (three parameters)”
method through an ordinary fitting.
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Adoptive Transfer of the Purified and
Expanded Vg2Vd2 T Cells With Y111
Displayed Potent Anti-Tumor Efficacy in
NPG Mice
To assess the therapeutic potential of transfusing Vg2Vd2 T cells
with bispecific antibody Y111, we utilized the H1975-NPGmodel to
check whether this combination treatment could fight against the
established xenograft in mice model (Figure 7A). Adoptive transfer
of the ex vivo expanded and purified Vg2Vd2 T cells alone had no
effect on the growth of the established H1975-derived xenograft,
similar to the control group (Figures 7B, C, Supplementary Figure
9A). In contrast, the supplementation of the Y111 combined with
Vg2Vd2 T cells purified from the same donor significantly delayed
the malignant progression, comparing to the control or the T cells
alone groups (Figures 7B, C and Supplementary Figures 9A).
These significant inhibitory effects of tumor growth started on Day
27 after tumor cell inoculation in the mice received both Vg2Vd2 T
cells and 4mg/kg Y111 (Figure 7B and Supplementary Figure 9A).
Moreover, 4 mg/kg Y111 elicited superior suppressive effects with a
greater extent of delaying tumor growth of this group than 1 mg/kg
Y111 group (Figures 7B, C and Supplementary Figure 9A). The
observed inhibitory effects were associated with significant increases
in the infiltration and accumulation of transfused Vg2Vd2 T cells
Frontiers in Immunology | www.frontiersin.org 815
induced by Y111 (Figures 7D, E). During the study, the Y111
treatment resulted in no or little weight loss in mice
(Supplementary Figure 9B). All of these results demonstrated
that Y111 enhanced the anti-tumor efficacy of transfused Vg2Vd2
T cells, suggesting a potential safety and efficient therapy of the
combination of the expanded Vg2Vd2 T cells with the Y111 bsAb.
DISCUSSION

Since the discovery of the Vg2Vd2 T cells in the late 1980s, a
significant amount of knowledge has been accumulated concerning
its vital roles in killing tumor cells and controlling tumor growth,
raising the possibility of its potential for anti-cancer therapeutics
(35–37). The currently available results of clinical trials using the
transferred Vg2Vd2 T cells against both hematological malignancies
and solid tumors were proved to be safe but ineffective (35, 38). The
low efficacy results could be due to the failure of the transfused
Vg2Vd2 T cells infiltrating into tumor sites or due to the
suppression of the killing activity of the transfused Vg2Vd2 T
cells by the tumor microenvironment (4, 39). In this study, the
transfused Vg2Vd2 T cell was redirected into tumor sites by a novel
anti-CD3 and anti-PD-L1 bsAb, Y111. This proof-of-concept study
A B

D

E

C

FIGURE 4 | Y111 selectively triggered the cytokine production and degranulation of Vg2Vd2 T cells in the presence of target tumor cells. (A-D) Y111 efficiently
enhanced the activation of Vg2Vd2 T cells to produce IFNg, TNFa, and up-regulate CD107a in tumor cell-dependent fashion. Vg2Vd2 T cells were stimulated by Y111
or CD3 Isotype (1 mg/mL of each) (A), and indicated concentration ranges of Y111 or CD3 Isotype (B–D) in the presence/absence of H1975 cells in a 1:1 ratio for 6
hours. (E) Part of the whole graph shown the co-expression signatures of Vg2Vd2 T cells treated by Y111 or CD3 Isotype (1 mg/mL of each) in the presence or
absence of H1975 cells. After gating cytokine-positive population (Supplementary Figure 4), the boolean analysis was utilized to determine the percentages of
multi-functional effector subsets of Vg2Vd2 T cells. Bar graph data shown in (A) were represented as means ± SEM pooled from three experiments involving 9
healthy donors, dots in (B–D) were the means of these individual donors. The data in (B) were analyzed using the “log (agonist) vs. response (three parameters)” plot
through an ordinary fitting.
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also verified the value of the bsAb-based immunotherapy to
leverage the potent anti-tumor capacity of Vg2Vd2 T cells, and
suggested that the combination of the Vg2Vd2 T cells and Y111
could be applied for PD-L1+ cancer therapies.

With the obligatory ability in two binding specificities
simultaneously, bispecific antibodies are progressing into
clinical developments for a wide variety of tumors (14, 26). In
this study, we generated a PD-L1 X CD3 bsAb Y111, based on
the Y-body® technological platform, which was characterized as
an asymmetric format for easy purification, with the modified Fc
fragment to abolish Fc-mediated effector functions (25, 26). The
observed MW of Y111 was larger than the theoretical MW, as a
result of its N-linked glycosylation, which prompted its stability
(25). Moreover, the Y111 retained a relatively weaker binding
affinity to the CD3molecule, comparing to its parent monoclonal
antibody 2A5, but displayed a similar affinity to PD-L1 as that of
its parental mAb. The reduced affinity for CD3 of Y111 was
desired for clinical applications as several previous studies had
shown that a lower affinity of the anti-CD3 moiety of a T cells-
redirecting bsAb contributed to the efficient tumor infiltration of
the T cells without rapid CD3-modulated plasma clearance (40–
42), and to lowing the risk of cytokine release syndrome (CRS)
(25, 26). Indeed, our data indicated that Y111 could prompt T
cell infiltration into tumor sites in vivo and induced high
potential cytotoxicity against tumor cells in vitro.
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The different susceptibility of fresh CD8+ and Vd2 T cells-,
and the expanded Vg2Vd2 T cells-modulated the killing activities
of tumor cells induced by Y111 may be attributed to the various
action mechanisms of the TCR activation by these cells (43, 44).
The observation in this study indicated that the cytotoxicity of
the fresh Vg2Vd2 T cells would not be enhanced by Y111. As the
adoptive transfer of the expanded Vg2Vd2 T cells was proved to
be safe and well-tolerated in clinical evaluation, here we showed
that the combination of the expanded Vg2Vd2 T cells and Y111
would improve the efficacy of the current therapy. Indeed, our
data demonstrated that Y111 triggered the up-regulated
expression of CD107a on the surfaces of Vg2Vd2 T cells and
selectively provoked their production of IFNg and TNFa in the
presence of PD-L1 expressing tumor cells. Moreover, the
observed killing of PD-L1 expressing NSCLC cell lines was not
affected by gene variations in these tumor cell lines, including the
mutations of KRAS (A549 and H358 cells) or EGFR (H1975
cells), and the loss of P53 activities (H358 and H1299 cells). This
gene variation-ignored killing mechanism of our approach
further proved the potential anti-tumor nature of the Vg2Vd2
T cells (35, 36, 45). Yet, the Y111-induced cytotoxicity of the
Vg2Vd2 T cells was dependent on the cross-linkage of the T cells
and PD-L1-positive cells (Figure 5). However, the combination
of the Y111 plus the Vg2Vd2 T cells did not lyse PBMCs from the
unrelated healthy donors (Supplementary Figure 8); no
FIGURE 5 | Y111 redirected Vg2Vd2 T cells to kill PD-L1 positive NSCLC cell lines in vitro. The expanded and purified Vg2Vd2 T cells were incubated with four
NSCLC cell lines, including A549, H1299, H1975, and H358, in a 1:1 ratio with the Y111 in a range of concentrations, CD3 Isotype or PD-L1 mAb for 12 hours.
Then the proportions of killed target cells were plotted against the antibody concentrations. These cell lines were PD-L1 positive shown in Supplementary Figure 6.
The calculated EC50 values were shown. The data points in were represented as mean ± SEM among 9 individual subjects for the analysis.
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significant change of the body weights in the Y111 + Vg2Vd2 T
cells treated mice was observed (Supplementary Figure 9B).
These results suggested that the safety of the combination
approach reminded as that of the adoptive transferred Vg2Vd2
T cells therapy (35, 38).

While expanding a large scale of autologous Vg2Vd2 T cells
from a cancer patient ex vivo still represents a critical clinical
challenge (37), we explored the antitumor activity of a modified
protocol by transferring a small amount of Vg2Vd2 T cells together
with Y111 into NPGmice bearing tumor cell line derived xenograft.
The approach seems particularly promising given the potential of
controlling the growth of established tumors in mice model, while
the therapy of the transfused Vg2Vd2 T cells alone was not effective.
This better efficacy in vivo result was consistent with the increased
cytotoxicity of this treatment in vitro.

It is not feasible to directly using syngeneic mouse tumor models
to evaluate Vg2Vd2 T cell-based anti-cancer therapy since the
Vg2Vd2 T cell subset exists only in human and non‐human
primates, but not in rodents (46). Due to the limitation of
immunodeficiency of NPG mice used in this study, we could not
probe whether our strategy could modulate suppressive tumor
microenvironment. Previous study showed that Treg cell, which
has a strong immunosuppressive function in tumor
microenvironment, could regulate phosphoantigen-induced
proliferation of Vg2Vd2 T cell ex vivo, but did not suppress the
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cytokine production or cytotoxic effector functions of Vg2Vd2 T cell
(47).However, phosphoantigen+IL2-expanded Vg2Vd2 T cells
could antagonize the expansion and functions of CD4
+CD25+ regulatory T cells both in vivo and in vitro (48), and
even overcome TGFb immunosuppressive functions (49).
Moreover, the clinical trials did not offer evidence of Treg-
exerting immunosuppression to Vg2Vd2 T cells, as the
repeated administration of IL2 was regarded as a standard
operation (50). Thus, based on these previous reports, we
believed that Tregs did not impair the killing function of the
expanded Vg2Vd2 T cells in the presence of Y111. Recently, a
series of studies have probed the cross-talk of the tumor
resistance mechanisms and Vg2Vd2 T cells, and concluded
that a combination therapy of adoptively transferred
Vg2Vd2 T cells and bispecific T cell engagers is a possible
future directions to overcome the immunosuppressive tumor
microenvironment [reviewed in 5]. Consistent with this concept,
we found Y111 could increase the trafficking of the transferred
Vg2Vd2 T cells into the tumor site (Figure 6D) even for 12 days
after the last cell transfer. Comparing to other studies using
bispecific antibodies or anti-TIM3 monoclonal antibodies with
the Vg2Vd2 T cells (7–13), our combination approach was
demonstrated to be effective and safe without the additional
administrations of IL2 or aminobisphoshponates or
pyrophosphates for sensitizing the tumor cells.
A

B

FIGURE 6 | Y111 prompted the release of IFNg, TNFa, and granzyme B from Vg2Vd2 T cells. (A) The increased cytokine secretion by Vg2Vd2 T cells after co-
culture for 12 h with tumor cells with Y111 or control antibodies (as indicated in Figure 4) analyzed by the CBA method. Please note that the values were the results
of raw values subtracted E+T only groups. The data points in Figure 5 were represented as mean ± SEM among 9 healthy subjects. (B) The correlations of the
enhanced cytotoxicity induced by Y111 with the increased production of IFNg, TNFa, and granzyme (B) The spearman’s r and two-tailed p values were calculated
by GraphPad prism 6. The blue line indicated the best-fit line, and the red line indicated the 95% confidence band of the best-fit line.
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In conclusion, this study demonstrated that bispecific
antibody Y111, targeting the CD3 on Vg2Vd2 T cells and the
PD-L1 on the tumor cells, could harness the anti-tumor potential
of the Vg2Vd2 T cells to kill the cancer cells in vitro and inhibit
the growth of the established xenograft tumors in vivo. The study
provides new evidence to support the hypothesis that a CD3-
targeting bispecific antibody has the potential to enhance the
Vg2Vd2 T cells-based anti-tumor efficacy. The combination
immunotherapy of the Y111 and the expanded Vg2Vd2 T cells
is worth for further clinical evaluation for its benefit to
cancer patients.
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FIGURE 7 | The combined usage of transfused Vg2Vd2 T cells with Y111 significantly inhibited tumor growth in vivo. (A) Experimental schema of protocols for
establishing xenograft in NPG mice and evaluating the anti-tumor therapeutic efficacy of different treatments. Immunodeficient NPG mice were s.c. inoculated with
H1975 NSCLC cells on Day 0. After seventeen days, mice were treated with i.v. transfused Vg2Vd2 T cells w/wo 1 or 4 mg/kg Y111. These treatments were
repeated twice per week for 2 weeks. Mice treated PBS were used as control. (B) The pooled tumor growth curves for NPG mice in four groups. The black arrows
indicated the treatment time point. Data are mean ± SEM with 7 mice per group, ****p < 0.0001, **p < 0.01, *p < 0.05 versus control group, two-way ANOVA
followed by Dunnett test. (C) Inspection of tumor tissues excised from each group at the end of the study. (D) Representative IHC photomicrographs of tumors
excited from mice stained with the anti-human CD3 antibody. Magnification, 20X. (E) Infiltrated and accumulated T-cell counts at the tumor sites for mice received
purified Vg2Vd2 T cells with 1 or 4 mg/kg Y111. Quantitative analysis of Vg2Vd2 T cells was done by counting positive dots in a total of 70 fields from 14 mice. We
did not find the accumulation of Vg2Vd2 T cells in the other two groups. Each dot represented one mouse. Data were presented as mean ± SEM, *p < 0.05, Mann
Whitney U test.
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Supplementary Figure 1 | The schematic diagrams of antibodies used in this
study and the MOA of Y111. (A) Schematic diagrams of bispecific antibody Y111,
PD-L1 mAb, and CD3 Isotype. Y111, a bispecific antibody targeting both PD-L1
and CD3; PD-L1 mAb, the parental monoclonal antibody targeting PD-L1; CD3
Isotype, a control bispecific antibody targeting CD3 and fluorescein (Clone 4420).
(B) The proposed model for the mechanism of action (MOA) in this study. Y111
bridges the PD-L1 positive tumor cells to the Vg2Vd2 T cells to form the immune
synapse, resulting in the release of cytolytic granzyme B, IFNg, and TNFa.

Supplementary Figure 2 | The quality of expanded Vg2Vd2 T cells for in vitro and
in vivo assays. (A, B) Kinetics of population and absolute numbers of Vg2Vd2 T cells
during the expansion (n=9). (C) The expression levels of PD-L1 on Vg2Vd2 T cells
and dead cells (PI-positive) among Vg2Vd2 T cells at day 14 (n=9). (D)
Representative flow cytometry plots showed the population of Vg2Vd2 T cells at day
0-, day 14-PBMC cultures. Then, Vg2Vd2 T cells were negatively isolated from the
day 14-cultures. The purity of enriched Vg2Vd2 T cells was assessed by flow
cytometry. (E) The expression levels of the co-stimulatory molecule CD86, the
activation associated marker CD69, and antigen-presenting molecule HLA-DR on
Vg2Vd2 T cells at day 0 (red lines) and day 14 (blue lines). The black line represents
isotype controls. These enriched cells were used for either binding or killing and
functional assay in vitro or assessing anti-tumor activity in vivo.

Supplementary Figure 3 | Y111 bridged the tumor cell and the Vg2Vd2 T cells in
a dose-dependent fashion. CFSE-stained H1975 cells were co-cultured with
PKH26-labeled Vg2Vd2 T cells in the presence of Y111 or CD3 Isotype for 30 mins.
Co-binding% was indicated as the percentages of the CFSE and PKH26 double-
positive cells (Q2) of the total cells. Representative co-binding dot plots were shown
in (A), and a nonlinear regression depicting the dose-dependent association of
Y111 was shown in (B).

Supplementary Figure 4 | Representative contour plots showing the production
of various cytokines by Vg2Vd2 T cells activated by 1 mg/mL of Y111 or CD3 Isotype
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with or without tumor cells. The gating strategies of positive cytokines were based
on the biology control with the expanded Vg2Vd2 T cells treated by CD3 Isotype (the
third column).

Supplementary Figure 5 | Multi-functional phenotypes of Vg2Vd2 T cells
activated by Y111 or CD3 Isotype in the absence/presence of H1975 cells. After
gating cytokine positive population (Supplementary Figure 2), the boolean
analysis was utilized to check the percentages of multi-functional effector subsets
(three-, or two-positive cytokines producing cells) of Vg2Vd2 T cells. Then the
percentages of these multi-functional effector subsets of Vg2Vd2 T cells from four
groups were plotted along with serially diluted antibodies. The shown data were the
means of nine individuals of healthy subjects.

Supplementary Figure 6 | The expressions of PD-L1 on four cell lines. The
surface expression of PD-L1 (clone: 29E.2A3, Biolegend, San Diego, USA) on four
tumor cell lines (H358, H1975, H1299, and A549) was depicted as histograms from
one representative assay. The PD-L1 positive percentages of these four cell lines
were 23.9%, 34.0%, 91.9%, and 93.0%, respectively. The PD-L1 positive
percentages displayed a positive correlation with the Y111-induced killing ability
(see Figure 5).

Supplementary Figure 7 | Antibodies alone did not influence the viability of
tumor cells. Bar graph showing Y111, CD3 Isotype, and PD-L1 mAb at 10 mg/mL
exerted no effect on the growth of tumor cells. Data were from 3 independent
experiments, and compared to the blank control there was no significant difference
of these groups analyzed by one-way ANOVA.

Supplementary Figure 8 | Y111 induced minimal lysis of PBMC mediated by the
expanded and purified Vg2Vd2 T cells. (A) Vg2Vd2 T cells were co-cultured with
CFSE-labeled unrelated PBMC in the presence of antibodies at indicated
concentrations for 12 hours. Then, the killed PBMC was determined by PI staining.
(B) Y111 failed to induce significant release of cytokines at any tested
concentrations. This experiment was performed three times involving the PBMCs
from four unrelated subjects as target cells.

Supplementary Figure 9 | The combination usage of the transfused Vg2Vd2 T
cells together with Y111 inhibited significantly the tumor growth in vivo. (A) Curves
of tumor burden for the individual mouse from the control group against the Vg2Vd2
T cells only group, the Vg2Vd2 T cells plus 1 mg/kg of Y111 group, or the Vg2Vd2 T
cells plus 4 mg/kg of Y111 group. (B) Curves of body weight changes for each
group. The black arrows indicated the treatment time point. Data are the mean ±
SEM with 7 mice per group.

Supplementary Table 1 | The negative trend between Y111-induced killing
ability (EC50) and PD-L1 positive percentages of tumor cell lines. a. The
Pearson’s r and p-value was calculated as rMFI and EC50, PD-L1 positive
percentages and EC50.
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Vg9Vd2 T Cells Concurrently Kill
Cancer Cells and Cross-
Present Tumor Antigens
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Signe Koggersbøl Skadborg1, Elfriede Noessner3, Reno Debets4, Bernhard Moser5,
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6 Department of Immunology and Microbiology, Faculty of Health and Medical Sciences, University of Copenhagen,
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The human Vg9Vd2 T cell is a unique cell type that holds great potential in immunotherapy
of cancer. In particular, the therapeutic potential of this cell type in adoptive cell therapy
(ACT) has gained interest. In this regard optimization of in vitro expansion methods and
functional characterization is desirable. We show that Vg9Vd2 T cells, expanded in vitro
with zoledronic acid (Zometa or ZOL) and Interleukin-2 (IL-2), are efficient cancer cell killers
with a trend towards increased killing efficacy after prolonged expansion time. Thus,
Vg9Vd2 T cells expanded for 25 days in vitro killed prostate cancer cells more efficiently
than Vg9Vd2 T cells expanded for 9 days. These data are supported by phenotype
characteristics, showing increased expression of CD56 and NKG2D over time, reaching
above 90% positive cells after 25 days of expansion. At the early stage of expansion, we
demonstrate that Vg9Vd2 T cells are capable of cross-presenting tumor antigens. In this
regard, our data show that Vg9Vd2 T cells can take up tumor-associated antigens (TAA)
gp100, MART-1 and MAGE-A3 - either as long peptide or recombinant protein – and then
present TAA-derived peptides on the cell surface in the context of HLA class I molecules,
demonstrated by their recognition as targets by peptide-specific CD8 T cells. Importantly,
we show that cross-presentation is impaired by the proteasome inhibitor lactacystin. In
conclusion, our data indicate that Vg9Vd2 T cells are broadly tumor-specific killers with the
additional ability to cross-present MHC class I-restricted peptides, thereby inducing or
supporting tumor-specific abTCR CD8 T cell responses. The dual functionality is dynamic
during in vitro expansion, yet, both functions are of interest to explore in ACT for
cancer therapy.

Keywords: gd or gamma delta T cells, Vg9Vd2 T cells, APC or antigen presenting cells, antigen cross-presentation,
cancer, cancer killing
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Holmen Olofsson et al. Vg9Vd2 T Cells Has Dual Functionality
INTRODUCTION

Conventional T cells expressing ab T cell receptors (TCR) have
been characterized in detail with regards to antigen recognition,
differentiation, and function (1). gd T cells are less well
characterized, less abundant, and exist as several subtypes with
the common feature that they express a dimeric TCR consisting of
a g- and a d-chain. The dominant gd T cell subtype in peripheral
blood are Vg9Vd2 T cells which are only found in humans, higher
primates and the alpaca (2), and constitute 0.5-10% of
lymphocytes in human blood (3). Most Vg9Vd2 T cells are
double negative (DN) for the co-receptors CD4 and CD8,
approx. 20-30% are single positive CD8 and 0.1-7% express
CD4 (4, 5). The functional role of these co-receptors in the
context of gd T cells is however unknown, since Vg9Vd2 T cells
recognize antigen in an HLA independent fashion. To this end,
Vg9Vd2 T cells recognize a group of non-peptide antigens called
phosphoantigens (pAgs) (6), examples of these are the bacterial
metabolite ((E)-4-hydroxy-3-methyl-but-2-enylpyrophosphate
(HMBPP)) (7) and isopentenyl pyrophosphate (IPP), which is a
by-product of the mevalonate isoprenoid pathway. The interaction
between pAgs and the butyrophilin proteins BTN3A1 (8, 9) and
BTN3A2 (10, 11) leads to extracellular changes in conformation
(12), allowing for proper recognition of the Vg9Vd2 TCR (13).
Normal or healthy cells have low levels of IPP, which does not
activate Vg9Vd2 T cells. In contrast, stressed cells and cancer cells
show increased IPP levels, although in most cases not enough in
itself for recognition by Vg9Vd2 T cells (14, 15). However, the
activation of Vg9Vd2 T cells by pAgs can be exploited using drugs
such as zo ledronic ac ids (ZOL) (16) . ZOL is an
aminobisphosphonate that inhibits the enzyme farnesyl
pyrophosphate synthase in the mevalonate pathway, which
induces an accumulation of IPP in the cell (17, 18). ZOL can be
used for selective expansion of Vg9Vd2 T cells from blood
samples, and also to sensitize cancer cells to Vg9Vd2 T cell-
mediated killing. Thus, the addition of ZOL to cultures of PBMC
along with interleukin-2 (IL-2) leads to a selective expansion of
Vg9Vd2 T cells, which are in turn highly efficacious killers of
cancer cells upon sensitization of cancer cells with ZOL. Induction
of effector function is not solely governed by recognition of pAgs,
but also influenced by expression of receptors traditionally
attributed to NK cells, such as NKG2D and DNAM-1 (3, 19).

An additional characteristic of Vg9Vd2 T cells is the capacity to
cross-present antigen, i.e., to act as antigen presenting cells (APCs)
(20). The term APC is normally used to refer to a group of innate
cells that mediate cellular immune responses by processing and
presenting antigens to ab T cells. Classical APCs include dendritic
cells (DCs) and macrophages, but Vg9Vd2 T cells have also been
shown to cross-present viral and tumor antigen (21). Cross-
presentation of the melanoma-associated antigen MART-1 was
demonstrated using long synthetic peptide (22), and uptake of
cellular protein upon killing of cancer cells has also been reported
(23). However, in the latter case, efficient cross-presentation only
Abbreviations: ACT, adoptive cell therapy; APC, antigen presenting cell; HMB-
PP, 4-Hydroxy-3-methyl-but-2-enyl pyrophosphate; IPP, isopentenyl
pyrophosphate; ZOL, zoledronic acid.
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took place when cancer cells were opsonized (24), and
involvement of the proteasome was not investigated. Although
some antigens have been shown to be cross-presented
independently of proteasomal degradation, in most cases the
proteasome is crucial for cross-presentation (25).

In the past decade, immunotherapy has revolutionized
treatment of cancer and given new hope to patients with
metastatic disease (26). Adoptive cell therapy (ACT) with tumor
infiltrating lymphocytes (TILs) or T cells equipped with chimeric
antigen receptors (CARs) have yielded impressive results in
melanoma, and hematological malignancies, respectively (27).
To the former, administration of in vitro expanded TILs is
associated with 50% objective and 20% complete responses (28).
Concerning ACT using CARs, administration of CAR T cells
recognizing CD19 are now approved for the treatment of acute
lymphoblastic leukemia (ALL) and diffuse large B-cell lymphoma
(DLBCL) (29). In particular, CAR therapy is a highly promising
broadly applicable strategy with the potential to develop patient
tailored, off the shelf treatments. Great advances have been made
over the past few years (30), but much need to be learned, in
particular, in terms of optimal targets and best suited cell types
for ACT.

The majority of studies on ACT, including FDA/EMA
approved CAR therapies (31), are based on the use of
conventional ab-T cells as effector cells, largely, because these
are well-studied effector cells in natural anti-cancer immunity
with proven success in treatment settings (30). NK cells and gd T
cells have been tested as well in ACT treatments, with
demonstrable pros and cons. NK and gd T cells are capable of
killing cancer cells in an HLA unrestricted manner, with the
potential of efficacy in the absence of graft-versus-host disease
(GvHD), and can be used as an off-the-shelf cellular source even
in an allogenic setting (32). NK cells are problematic in terms of
expansion of primary cells, conversely, Vg9Vd2 T cells are easily
expanded to high cell numbers using ZOL and IL-2. Several
clinical trials based on administration of in vitro expanded
Vg9Vd2 T cells have been carried out with encouraging data,
including good tolerability and little or no toxicity. But studies
included too few patients to draw conclusions on clinical
response (33). The combined capacity to kill cancer cells and
cross-present antigen to CD8 T cells – even when equipped with
a CAR (22) - represents another feature in favor of future testing
of in vitro expanded Vg9Vd2 T cells in ACT in cancer. We
describe that Vg9Vd2 T cells expanded with ZOL and IL-2 are
capable of killing cancer cells as well as cross-presenting tumor
antigens. Moreover, we show the dynamic change of this dual
functionality over time in culture, a characteristic that should be
considered in clinical application.
MATERIALS AND METHODS

Samples From Patients and Healthy Donors
Peripheral blood mononuclear cells (PBMC) from healthy
donors were obtained from the blood bank at Rigshospitalet,
Copenhagen, Denmark. Processing was completed within < 6 h
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for all sample specimens. PBMC were isolated by centrifugation
with Lymphoprep™ (Axis-Shield PoC) (30 minutes at 1200
RPM) and cryopreserved at -150°C in fetal bovine serum (FBS)
(GibcoBRL) + 10% dimethylsulfoxide (DMSO) (Sigma-Aldrich)
using a CoolCell® (Bioscision) gradual freezing device. Cells
were thawed in pre-warmed 37°C RPMI and counted after
thawing using trypan blue staining and a microscope.

Cancer Cell Cultures
Cancer cell lines A2058 (melanoma), MDA-MB-231 (breast
cancer), PC-3 (prostate cancer), U266 (myeloma) and K562
(chronic myelogenous leukemia) were all purchased from the
American Type Culture Collection (ATCC). The FM55-1
(melanoma, ESTDAB-012) and FM86 (melanoma, ESTDAB-
028) cancer cell lines were obtained from European Searchable
Tumor Cell Line and Data Bank (ESTDAB) (http://www.ebi.ac.
uk/ipd/estdab/). All cancer cells were grown in RPMI 1640
GlutaMAX-I™ medium (RPMI, Gibco) supplemented with
10% FBS (R10). Prior to cytotoxicity assays, the cancer cells
were left untreated or pre-treated with 10 µM ZOL for 24 h.

Expansion of Vg9Vd2 T Cells
Vg9Vd2 T cells were cultured in X-vivo 15 medium (Lonza)
supplemented with 5% human serum (X-vivo +5% HS) (Sigma-
Aldrich). Vg9Vd2 T cells were expanded from thawed PBMC. On
day zero, 1x106 PBMCwere cultured in a 24 well plate with 2 ml X-
vivo + 5% HS and stimulated with 10 µM zoledronic acid (ZOL,
Zometa 4 mg/5ml, Novartis). On day 2, 1000 U/ml IL-2
(Preprotech) was added, and every second or third day onwards,
the cultures were supplemented with 1 ml fresh medium and 1000
U/ml IL-2. Purity of the Vg9Vd2 T cells was tested at day 9 by flow
cytometry. We are aware that different groups use different amount
of ZOL and IL-2. In our hands, we found expansion of Vg9Vd2 T
cells to be most efficient when using 10µM ZOL, combined with
either high IL-2 (1000U/ml) or low IL-2 + low IL-15 (100U/ml IL-
2 + 100U/ml IL-15) (34). We have also tested 1µM ZOL combined
with 100U/ml IL-2, but our data gave a less efficient and less pure
expansion of Vg9Vd2 T cells (data not published).

Establishment of CMV Peptide Specific
T Cell Cultures
abTCR T-cell culture specific for CMV (CMV short) was
generated from healthy donor (HD220) by stimulating with
irradiated CMV-peptide-loaded Vg9Vd2 T cells (as an
alternative to DCs, which are used in other protocols [32]).
The following day, 40 U/ml IL-7 and 20 U/ml IL-12 (PeproTech)
were added. Stimulation of the cultures was carried out every 8
days with CMV-peptide–loaded irradiated autologous Vg9Vd2 T
cells. The day after peptide stimulation, 120 U/ml IL-2
(PeproTech) was added. Specificity of the T cell culture was
tested by chromium release assays and IFNg ELISPOT.

mRNA Transfection of PBMC for the
Generation of gp100 Specific abTCR T Cells
T cells expressing abTCR specific for gp100 (gp100 short) were
generated by mRNA transfection. The coding sequence of the
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gp100280-288-specific TCR 296 (35) a and b chain was de novo
synthesized and cloned into the pCIpA102 plasmid (kindly
provided Dr. G. Gaudernack, The Norwegian Radium
Hospital, Oslo, Norway). Plasmids were linearized, purified
(Wizard DNA Clean-Up System (Promega, Oslo, Norway),
and in vitro transcribed 36, and used for electroporation of
PBMC from healthy donors. PBMC were washed twice in
OptiMEM medium (Invitrogen) and adjusted to a final
cell density of 1 x 108 cells/ml in the same media. The cell
suspension was pre-incubated for 5 min on ice and gp100 TCR
encoding mRNA (100 µg/ml final concentration) was added to
PBMCs before transfer to a 4-mm gap electroporation
cuvette. Cells were pulsed using a BTX 830 square-wave
electroporator (Harvard Apparatus, Holliston MA, USA),
adjusted to a single pulse, 500 V, 5 ms. After electroporation,
cells were transferred to pre-warmed culture medium and
incubated in humidified atmosphere with 5% CO2. Mock-
(H2O) transfected PBMCs were used as controls. Specificity of
the T cell culture was tested by chromium release assays and
IFNg ELISPOT.

Retroviral Transduction for the Generation
of MART-1 Specific T Cells
TCRa and b sequences of the HLA-A2-restricted MART-1-
specific A42 T cell clone (37) were codon optimized and
murinized by exchanging the constant regions by their murine
counterparts then linked by a P2A element to yield the transgene
cassette 5’-TCRvß4.2J2.7-P2A-TCRva29J42.01-3’ (IMGT
nomenclature). The cassette was cloned into the retroviral
vector MP71-PRE (38) using NotI and EcoRI restriction sites.
This vector was designated MP71-TCR-A42.

Transgenic TCR expression in T cells was achieved as
described (38). Briefly, PBMCs were plated into 24-well plates
at a cell density of 1 x 106/ml per well in RPMI1640
supplemented with 10% human serum, 1% L-glutamine, 1%
non-essential amino acids, 1% sodium pyruvate, 1% penicillin/
streptomycin (all Invitrogen) and 100 U/ml IL-2 (Cancernova).
Then, cells were activated with 5 mg/ml OKT3 (provided by E.
Kremmer, Helmholtz Center Munich, Germany) and 1 mg/ml
anti-CD28 (BD Pharmingen) for 2 days.

Amphotrophic TCR-A42-encoding retroviruses were
generated as described (39) using TransIT®-LT1 Reagent
(Mirus) according to the manufacturer’s protocol. Virus
supernatant was harvested after 48 h and bound to
RetroNectin® (10 mg/ml, Takara) coated plates by centrifugation.

PBMCs, which were activated for 2 days, were added to virus-
coated plates for 24 h, then split to freshly virus-coated plates and
cultivated for another 3 days. Transduced PBMCs were
transferred to uncoated plates and cultivated for at least 12
additional days, reducing the amount of IL-2 to 50 U/ml.
TCR-A42 surface expression was determined at day 12 after
transduction using anti-mouse TCRß-constant region-Pacific
Blue (BioLegend) and anti-human CD8a-V500 (BD
Pharmingen) antibodies. Furthermore, specificity of the T cell
culture was also tested by chromium release assays and
IFNg ELISPOT.
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Lentiviral Transduction for the Generation
of MAGE-A3 Specific T Cells
Lentiviral vector containing the high affinity MAGE-A3a3a TCR
(40) and corresponding packaging and envelope plasmids
(VSVG, REV and gag/pol) was generously provided by Dr
Andrew Gerry and Dr. Bent Jakobsen, Adaptimmune, Ltd.
(Oxfordshire, UK) (41).

Lentivirus were produced and T cells transduced as
previously described (42). In brief, 293T human embryonic
kidney cells cultured in DMEM (BioWhittaker, Rockville MD,
USA), 10% FBS, were transfected using 1 µg of pMAGE-A3a3a

TCR and 0.5 µg of corresponding packaging and envelope
plasmids, together with TurboFect Transfection Reagent
(Thermo Fisher Scientific). After 48 h, lentiviral supernatant
was harvested. T cells were transduced by incubation with
filtered lentiviral supernatant + 1000 U/ml rhIL-2 for 72 h
before sorting using a FACSAria cell sorter (BD Biosciences,
San Jose CA, USA).

1-2 x 105 of the transduced and sorted T cells were put into a
rapid expansion protocol (REP) consisting of feeder cells (a mix
of three HD PBMCs, which were gamma irradiated with 40 Gy)
at a ratio of 1:200 in T25 tissue culture flasks (Corning, #430168),
20 ml x-vivo medium + 5% human serum, 30 ng/ml anti-CD3
(OKT-3, eBioscience, #14-0037-82) and 6000 U/ml rhIL-2. On
day 14 of REP, T cells were harvested and routine assays for
receptor expression via flow cytometry and mycoplasma were
conducted. Furthermore, specificity of the T cell culture was
tested by chromium release assays and IFNg ELISPOT.

Flow Cytometry
Flow cytometry was used to study expression of surface- and
intracellular markers on cells. In short, cells were washed twice in
FACS buffer (PBS +2%FCS) before and after staining. Antibodies
were mixed to a total volume of 50 µl, and cells were stained for
30 minutes at 4°C. Table 1, provides an overview of antibodies
Frontiers in Immunology | www.frontiersin.org
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used in this paper. Near-Infrared fixable dead cell stain from
Invitrogen (Carlsbad, California, USA). The gating analysis was
either performed with BD FACSDiva™ software or
NovoExpress® software from ACEA biosciences.

Intracellular Staining (ICS)
Vg9Vd2 cells were co-cultured with PC3 cells (cancer cells),
either non-stimulated or stimulated with 10 µM ZOL, at a ratio
(1:1). The cells were incubated for 5 hours in the presence of
Brefeldin A (BioLegend). Addition of cell culture medium served
as a negative control, while 5 ng/ml PMA (Sigma Aldrich) plus
75 nM Ionomycin (Sigma Aldrich) were used as a positive
control. After incubation, cells were centrifuged and washed
twice with PBS + 2% FBS. Staining with surface antibodies
was performed as described above. Then cells were fixed
and permeabilized as described in detail in the manual
of the Intracellular Fixation & Permeabilization Buffer Set
(eBioscience). In short, cells were fixed overnight at 4°C in 200
µl Fixation Buffer per well. After centrifugation, cells were
washed twice with 150 µl Permeabilization Buffer per well.
Staining with intracellular antibodies was then performed in
the same manner as the surface antibody staining. Subsequently,
cells were washed twice with Permeabilization buffer,
resuspended in 150 µl PBS + 2% FBS and acquired on the
NovoCyte Quanteon.

Cell Sorting
Sorting was used to purify abTCR-specific cultures and was
performed on the FACS Aria(BD bioscience). For sorting, the
MAGE-A3 transduced T cell cultures were first stained with
HLA-A1 tetramers for 30 minutes at 37°C. For that, 20 ng of PE-
and APC-conjugated MAGE-A3 specific tetramers were added
to1 x 106 T cells in 50 mL of 1x PBS, 0.5% bovine serum albumin
(BSA, Sigma Aldrich) and 2 mM EDTA. After the tetramer
staining, CD3-BV421 (Biolegend), in a volume of 50 µl, was
added directly into the tetramer/cell mix and incubated for 20–
30 minutes in the dark and on ice. The transduced MAGE-A3
(also named MAGE-A3a3a) tetramer positive T cells were sorted
directly into a rapid expansion protocol (REP) for further
culturing. All antibodies, buffers and procedures were kept
under sterile conditions to ensure aseptic sorting of cells for
further culturing.

Rapid Expansion Protocol (REP)
To expand the MAGE-A3 positive T cells cells into high cells
number, the rapid expansion protocol (REP) was used. For this, a
REP mix was generated which included: feeder cells, 6000 U/ml
IL-2 (Proleukin) (Peprotech) and 0,6 µg/20 ml anti-CD3 (clone
OKT3) (ebioscience, Thermo Fisher). Detailed protocol was
described elsewhere (43, 44), but in short; feeder cells were
irradiated at 30 Gy and counted to the concentration of 20x106

PBMCs/20 ml medium (X-vivo + 5%HS) to which IL-2 and anti-
CD3 was added. The REP mix was then ready for the tetramer
sorted MAGE-A3 positive T cells to be added. From here, the
cells were given fresh IL-2 (3000 U/ml) and medium (X-vivo +
5% HS) three times a week, until the gd T cells started growing,
allowing for further analysis.
TABLE 1 | List of antibodies used in this study.

Antibody Fluorochrome Clone Company

CCR7 PE-Cy7 3D12 BD bioscience, New Jersey, USA
CD3 PE-Cy7 UCTH1 BD bioscience, New Jersey, USA
CD3 BV421 UCTH1 Biolegend, San Diego, California, USA
CD16 FITC 3G8 Biolegend, San Diego, California, USA
CD56 FITC L307.4 Biolegend, San Diego, California, USA
CD56 PE NCAM16.2 BD bioscience, New Jersey, USA
CD86 APC IT2.2 Biolegend, San Diego, California, USA
CD161 BV421 DX12 BD bioscience, New Jersey, USA
DNAM PerCP-Cy5.5 11A8 Biolegend, San Diego, California, USA
GPR56 PE 4C3 Biolegend, San Diego, California, USA
HLA-ABC BV711 G46-2.6 BD bioscience, New Jersey, USA
HLA-DR HV500 G46-6 BD bioscience, New Jersey, USA
IFNg BV510 4S.B3 Biolegend, San Diego, California, USA
IL-2 PE MQ1-

17H12
BD bioscience, New Jersey, USA

NKG2D BV510 1D11 Biolegend, San Diego, California, USA
TNFa PE-CF594 Mab11 BD bioscience, New Jersey, USA
TCRg/d FITC 11F2 BD bioscience, New Jersey, USA
Vg9 PC5 IMMU360 Beckmann Coulter, Brea, California,

USA
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51Cr-Release Assay
Conventional 51Cr-release assays for cell-mediated cytotoxicity
was carried out as described elsewhere (10). Briefly, target cells
(cancer cells) were labeled with 100 mCi 51Cr (Perkin Elmer,
Skovlunde, Denmark) in 100 µL R10 for 1 h at 37°C. After
washing, the target cells were incubated with effector cells
(Vg9Vd2 T cells) at different effector:target (E:T) ratios for 4 h
at 37°C. Subsequently, the amount of radioactivity in the
supernatant was measured using a gamma cell counter (Perkin
Elmer Wallac Wizard 1470 Automatic gamma counter). Target
cells were the cancer cell lines FM55-1 (melanoma), FM86
(melanoma), A2058 (melanoma), MDA-MB-231 (breast
cancer), PC-3 (prostate cancer), U266 (myeloma) and K562
(chronic myelogenous leukemia). Also, allogeneic PBMCs
(lymphocytes) from five healthy donors (HD) were thawed and
rested ON and used as target cells.

Prior to cytotoxicity assays, the cancer cells or lymphocytes
were left untreated or pre-treated with 10 µM ZOL for 24 hs. The
rationale for pre-stimulating cancer cells with ZOL, is to make
them more prone to killing by Vg9Vd2 T cells. ZOL inhibits
farnesyl pyrophosphate synthase (FPPS), an enzyme
downstream of IPP within the mevalonate pathway, which
leads to accumulations off IPP intracellular making them more
prone to recognition by Vg9Vd2 T cells. This has been shown
repeatedly and the potential clinical application is being
tested (45).

xCELLigence Assay
To measure the cytotoxicity of Vg9Vd2 T cells against cancer cell
over an extended period, the xCELLigence system was used. This
assay is composed of one station with an E96 plate
(xCELLigence-specific 96 well plate; ACEA biosciences, San
Diego, USA), which is stored within a standard tissue culture
incubator (37°C and 5% CO2). Its high-density electrode array,
covering the bottom of E96 plates, allows this system to measure
the variation in impedance throughout time. This measurement
is then converted into a cell index, which can be translated
into cytotoxicity.

Optimal seeding density was optimized (data not shown) and
each target cell was plated out in E96 plates (10 000 cells/well for
PC-3, A2058 and MDA-MD-231) and incubated for 6-24 h to
promote adhesion and initial proliferation without reaching full
confluency. Vg9Vd2 T cells were then added to each well, at a
titrated 3:1, 1:1 effector-to-target ratio. The cell index was
continuously measured for the next 24 h. To determine
minimum impedance, 100 µl of 10% TritonX-100 (Sigma-
Aldrich) was added to separate wells. Additionally, wells with
Vg9Vd2 T cells alone were included to account for the effector
cells’ contribution to the cell index. Data was analyzed with the
immunotherapy module of the 185 xCELLigence RTCA
Software Pro (ACEA Biosciences) as reported previously
(46, 47).

Several things were considered to rule out batch differences.
All cytotox assays were conducted with Vg9Vd2 T cell cultures
expanded from three to five different donors. Also, two different
approaches were tested in cytotox assays with PC3 as a target:
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first the cytotox assays were conducted at the specific day of
expansion, while the Vg9Vd2 T cells were ‘in culture’, meaning
that cytotox was done on day 9, then waited 5 days to setup
another cytotox on day 14, and again on day 25. The same days
as the cytotox assay were performed, Vg9Vd2 T cells ‘in culture’
were also cryopreserved. The second approach was then to thaw
cells, frozen at day 9, 14 and 25, and perform a cytotox assay in
one setup. Both approaches showed similar results and
representative data are shown in Figures 1B, C. For cytotox
assay with A2058 and MDA-MB-231 as targets, only frozen
Vg9Vd2 T cell cultures were used as effector cells.

Antigen Cross-Presentation Assay
Vg9Vd2 T cells were expanded in vitro for 9-11 days prior to the
APC assay. The setup for the APC assay was as following: Day 1,
Vg9Vd2 T cells were stimulated with 1 µM ZOL and 100 U/mL
IL-2. Day 2, Vg9Vd2 T cells were exposed to either a long peptide
or protein and incubated 24 h to allow for cross-presentation of
antigens. Day 3, Vg9Vd2 T cells were carefully washed twice with
PBS to remove excess peptide or protein within the supernatant.
Antigen cross-presentation was measured by IFNg or TNFa
release, using ELISPOT assay (see overview in Figure 3). The
effector cells were either CMV-specific abTCR T cells, or abTCR
T cells specific for gp100, MART-1 or MAGE-A3. Vg9Vd2 T
cells and the antigen specific abTCR T effector cells (also called
‘Teff’ in Figures 3 and 4), was added to the ELISPOT plate in a
ratio of 4:1 (‘gd’: ‘Teff’). This was followed by a 24 h incubation
and development of the ELISPOT (see below). As a positive
control, the Vg9Vd2 T cells were incubated with corresponding
short peptide and co-cultured with the Teff. cells.

Peptide and proteins were added at the following
concentrations: 0.5 µM long CMV peptide, 0.5 µM long gp100
peptide, 1.25 nM MART-1 recombinant protein and 27 nM
MAGE-A3 recombinant protein. All short peptides were added
as 5 nM.

Blocking of Antigen Cross-Presentation by
the Proteasome Inhibitor Lactacystin
To test if antigen cross-presentation involved the proteasome,
the proteasome inhibitor Lactacystin (Sigma Aldrich) was added
to Vg9Vd2 T cells. In short, on ‘Day 2’ of the antigen cross-
presentation assay: 50µM of Lactacystin was added to the
Vg9Vd2 T cells. After two hours of incubation at 37°C, 5%
CO2, cells were washed twice in RPMI medium. From here, the
long peptide or protein was added as described above. This
means that lactacystin was added after the initial ZOL
stimulation on day 1, but prior to addition of the peptide/
protein on day 2. The idea was to ensure blocking of
proteasome before addition of peptide/protein, to allow
blocking of antigen cross-presentation.

Peptides and Proteins Used for the APC
Assay
Overview of peptides and proteins used for the APC assay can be
found in Table 2. All peptides were obtained fromKJ Ross Petersen,
with a purity >70%. All proteins were obtained from Abcam.
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FIGURE 1 | Vg9Vd2 T cell can efficiently kill cancer cells. (A) Chromium release assay (4 h) was used to test Vg9Vd2 T cell ability to kill cancer cell lines of various
origins. Vg9Vd2 T cells were expanded from healthy donors (n =2-6). Effector cell (E:T) Target cell ratio (3:1). Breast cancer cell line = MDA-MB-231, Prostate cancer
cell line = PC-3. Melanoma cells lines = FM55, FM86 and A2058. Hematological cancer cells lines = U266 and K562. Lymphocytes (lympho) were thawed and
rested overnight prior to the assay. Vg9Vd2 T cell cultures used in these assays had been in culture for 14-30 days prior to the chromium release assays. Purity
>90% for Vg9Vd2 T cell cultures was verified by flow cytometry (data not shown, see gating strategy in Supplementary Figure 1A). (B) Cytokine expression of day
9, 14 and 24 expanded Vg9Vd2 T cells was determined by gating on positive cells in PC-3/ZOL co-cultured with Vg9Vd2 T cells. Gates were set according to PC-3
co-cultured control. Three different Vg9Vd2 T cell cultures were analyzed, named A, B and C (C) Vg9Vd2 T cells ability to kill PC-3/ZOL cancer cell line was compared
between cultures expanded for 9, 14 or 25 days, using a 24 h xCELLigence assay at effector-target cell ratio (1:1). The left graph depict one donor, showing the full
24 h xCELLigence assay, and the right graph summarizes the data from five donors (n=5 donors, repeat three times) (D) Comparison of percentage cytolysis at
effector-target cell ratio (1:1) in xCELLigence assay, assessing Vg9Vd2 T cells expanded for 9, 14 or 25 days, targeting MDA-MD-231/ZOL (MDA). (n=3 donors,
repeat twice) (E) Comparison of percentage cytolysis at effector-target cell ratio (1:1) in xCELLigence assay, assessing Vg9Vd2 T cells expanded for 9, 14 or 25 days,
targeting A2058/ZOL (MDA). (n=3 donors, repeat twice). Statistical significance was determined by a paired T-test. *P ≤ 0.05. Error bars indicated standard error of
mean (SD).
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ELISPOT Assay
ELISPOT assay was used to measure cross-presentation of
antigens by Vg9Vd2 T cells. In brief, ELISPOT plates
(nitrocellulose bottomed 96-well plates by MultiScreen MAIP
N45; Millipore) were coated ON with IFNg capture antibody
(Ab) (Mabtech) and afterwards blocked by X-vivo medium.
Vg9Vd2 T cells (target cells) were placed in the ELISPOT plate
(setup in triplicates) and short control peptides were added at 5
nM (see sequence above), with and without Teff. cells. The
effector cells were either CMV, gp100, MART-1 or MAGE-A3
specific abTCR T cells. The cells were then incubated ON, after
which, the plates were washed off and secondary biotinylated Ab
(Mabtech) was added. After 2 h incubation, unbound secondary
antibody was washed off and streptavidin conjugated alkaline
phosphatase (Mabtech) was added for 1 h. Finally, unbound
conjugated enzyme was washed off and the assay developed by
adding BCIP/NBT substrate (Mabtech). Developed ELISPOT
plates were analyzed on CTL ImmunoSpot S6 Ultimate-V
analyzer using Immunospot software v5.1.

Criteria for standard protocol guidelines as well as
determination of ELISPOT responses have been a challenge. In
this regard, these ELISPOT assays were conducted according to
the guidelines provided by CIP (48). Significance was determined
by using the nonparametric distribution-free resampling (DFR)
test which gives a way of formally comparing antigen-stimulated
wells with negative control wells (49).

Apoptosis Staining
To detect apoptotic and dead cells after incubation with
proteasome inhibitor Lactacystin, 0.5 x 106 day-9 expanded
Vg9Vd2 T cells were seeded in a round-bottom 96-well plate
in X-vivo + 5% HS. Lactacystin (Sigma Aldrich) was dissolved
in sterile H2O and added to the wells at final concentrations of
0 µM, 1 µM, 10 µM, 25 µM, 50 µM and 100 µM. After two hours
of incubation at 37°C, 5% CO2, cells were washed twice with PBS
+ 2% FBS and stained with the following extracellular antibodies
in a total volume of 50 µl for 20 min at 4°C: anti-CD3 PE-Cy7,
anti-TCRg/d FITC and anti-HLA-ABC BV711. After two washes
with PBS + 2% FBS, apoptotic and dead cells were marked by
staining with the Pacific Blue™ Annexin V/SYTOX™

AADvanced™ Apoptosis Kit (Invitrogen™). Annexin V binds
to phosphatidylserine exposed on the outer membrane of
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apoptotic cells and SYTOX™ AADvanced™ Dead Cell Stain
detects necrotic cells due to their loss of membrane integrity. A
stain master mix was prepared by diluting Pacific Blue™

Annexin V and SYTOX™ AADvanced™ in 1X Annexin
binding buffer. Cells were stained with 100 µl stain master mix
per well for 30 min at 4°C and acquired on a NovoCyte
Quanteon (ACEA Biosciences) without further washes.

Statistical Analysis
Statistical analyses were conducted using Graph-Pad Prism 7
(San Diego, USA). Differences between groups were determined
by a paired T test. ELISPOT responses were analyzed using
distribution free resampling (DFR) method, described by
Moodie et al. for statistical analysis of ELISPOT responses (49,
50). The DFR method described here was used for statistical
analysis of triplicates. DFR, p ≤ 0.05 (*) were considered
statistically significant. Statistical analysis was performed using
Rstudio (RStudio Team (2016). RStudio: Integrated
Development for R. RStudio, Inc., Boston, MA URL http://
www.rstudio.com/).
RESULTS

Vg9Vd2 T Cells Cytotoxic Capacity
Increases With Culturing Time
Vg9Vd2 T cells ability to kill cancer cell lines of various origins,
was tested in a 4 h chromium release assay. Expanded Vg9Vd2 T
cells from 2-5 healthy donors were used as effector cells to kill
target cells, with or without sensitization with ZOL (Figure 1A).
Effective killing when sensitized with ZOL was demonstrated in
three melanoma cells lines (FM55, FM86 and A2058), a prostate
cancer (PC-3) and a breast cancer cell line (MDA-MB-231)
reaching 60-80% lysis. Two hematological cancer cell lines,
myeloma (U266) and chronic myelogenous leukemia (K562),
were also efficiently killed by Vg9Vd2 T cells varying from 50-
70% lysis, even in the absence of ZOL sensitization. To test if
Vg9Vd2 T cells would also kill normal healthy cells, allogeneic
PBMCs (called lympho), were used as target cells. The data
showed that the killing of PBMCs was below 15%, even after
sensitized with ZOL (5-15%) (Figure 1A). Thus, while Vg9Vd2 T
TABLE 2 | List of short peptides, long peptides and proteins used in this study.

Name ID HLA restriction Size Peptide sequence

HIV short HIV HLA-A*01.01 9aa GSEELRSLY
HIV short HIV HLA-A*02.01 9aa ILKEPVHGV
CMV short CMV_nlv HLA-A*02.01 9aa NLVPMVATV
CMV long CMV_480 – 40aa VFTWPPWQAGILARNLVPMVATV

QGQNLKYQEFFWDANDI
Gp100 short Gp100_280 HLA-A*02.01 9aa YLEPGPVTA
Gp100 long Gp100 long – 29aa SRALVVTHTYLEPGPVTA

QVVLQAAIPLT
MART-1 short MART_27-36 HLA-A*02.01 10aa ELAGIGILTV
Recombinant MART-1 protein – – 118aa N- ELAGIGILTV- N
MAGE-A3 short MAGE-A3_199-209 HLA-A*01.01 9aa EVDPIGHLY
Recombinant MAGE-A3 protein – – 314aa N- EVDPIGHLY- N
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cells efficiently killed cancer cells, healthy lymphocytes were
mainly left untouched.

For deeper characterization of the killing capacity, we
performed long-term killing over the course of 24 h using the
xCELLigence assay and additionally assessed the cytotoxic
abilities of Vg9Vd2 T cells at different time-points of
expansion. Vg9Vd2 T cells cultured from five healthy donor,
expanded for 9, 14 or 25 days, were compared in their killing
potential of PC-3 sensitized with ZOL, at an effector cell (E):(T)
target cell ratio of 1:1. Exemplified in Figure 1C, the killing of
PC-3/ZOL cancer cells by Vg9Vd2 T cells increased with
expansion time; with Vg9Vd2 T cells expanded for 25 days
being most efficient reaching almost 100% lysis, compared to
~45% lysis and ~0-5% lysis forVg9Vd2 T cells expanded for 14
days or 9 days, respectively. Figure 1C also summarizes the data
of all five Vg9Vd2 T cell cultures, showing a significant higher
cancer cell killing capacities for cultures that were expanded the
longest in culture. The enhanced killing capacity was most
evident at 24 h of co-culture, with Vg9Vd2 T cell cultures
expanded for 25 days reaching on average ~90% lysis,
compared to ~50% lysis and ~30% lysis for T cells expanded
for 14 days or 9 days, respectively. Importantly, when increasing
the E:T ratio to 3:1, all Vg9Vd2 T cell cultures had comparable
ability to kill prostate cancer cells (data not shown), irrespective
of expansion time. In similar setups, the ability of Vg9Vd2 T cells
to kill A2058 andMDA-MB-231, sensitized with ZOL, was tested
(Figures 1D, E). A tendency towards a higher cancer cell killing
capacities for Vg9Vd2 T cell cultures that were expanded the
longest in culture, could also been observed here (Figures 1D, E).
Together, all Vg9Vd2 T cell cultures were capable of cancer cell
killing even those of short-term expansion, but cytotoxic capacity
seems to increase over expansion time, with differences
depending on the cells targeted.

Finally, we setup an ICS assay, to investigate the activation of
Vg9Vd2 T cells upon tumor engagement. Vg9Vd2T cells were co-
cultured with PC-3 with or without ZOL, for 5 hours, and
expression of IFNg, TNFa and IL-2 was measured (Figure 1B).
Altogether, 60-80% Vg9Vd2 T cells expressed one or more of the
cytokines upon engagement with PC-3/ZOL – this was compared
to Vg9Vd2 T cells cocultured with PC-3 without ZOL. IL-2
expression was generally below 5% for all conditions. No
significant difference was observed between 9, 14 or 25 expansion
days, and hence, the difference observed in killing, could not be
explained by expression of the cytokines IFNg, TNFa and IL-2.

Phenotype Analysis of Vg9Vd2 T Cell
Cultures
The phenotype dynamics of Vg9Vd2 T cell cultures over time
was analyzed by flow cytometry. Vg9Vd2 T cell cultures were
expanded from PBMCs of three healthy donors using 10 µM
ZOL and 1000 U/ml IL-2. Initially only 0.5-5% of CD3-postive
cells were Vg9Vd2 T cells (see Figure 2E). After 11 days of
expansion, frequency of CD3-positive T cells was above 90% for
all cultures and more than 95% of these cells were Vg9 positive).
Of the remaining cells in the cultures, NK cells constituted
between 2-7% at day 9-11, but continued to decline to below
2% from day 19 (Figure 2A). The expression of the co-
Frontiers in Immunology | www.frontiersin.org 829
stimulatory markers CD80, CD86 and CCR7 was highest in
the initial expansion phase (Figure 2B), in particular for CCR7
where the expression by day 9 varied from ~30-60% and dropped
to zero at day 15. CD80 and CD86 were more widely expressed
reaching 80-100%, and a decline starting around day 13 or 15,
though at a less rapid decrease. In contrast, HLA-DR expression
stayed above 90% throughout the expansion period (Figure 1C).

It has previously been described that expanded Vg9Vd2 T cells
can express NK cell markers involved in killing such as NKG2D
(51, 52). The data in Figure 2C shows, that NKG2D expression
increased rapidly after day 9 and reached >80% from day 19 and
onwards. The expression of the adhesionmolecule CD56, increased
steadily with time and reached >90% expression at day 28. CD16, a
molecule involved in antibody dependent cell cytotoxicity (ADCC),
was also expressed but a high degree of variance (20-60%) was
observed between the Vg9Vd2 T cell cultures – though an increase
in expression from day 9 and onwards, was observed. Finally,
DNAM-1 stayed above 90% throughout the expansion period
(Figure 1C). Notably, contrary to the decreased expression of co-
stimulatory markers over time, the expression of NK markers
increased with time (Figures 2B, C).

Other markers, such as CD161 and the GPR56, has also been
suggested as markers of a cytotoxic phenotype for Vg9Vd2 T
cells. CD161 is a C-type lectin, proposed to be involved in
increased IFNg production during gdTCR activation or in
response to IL-12 and IL-18 (53). GPR56 is a G protein-
coupled receptor, that although still poorly defined, appears to
be involved or associated with a cytotoxic phenotype of T cells
(54). We found, that both CD161 and GPR56 was expressed on
almost 100% of the Vg9Vd2 T cells from day 9-28 (see
Supplementary Figure 1D). For transparency, the expression
of both molecules is here depicted by MFI. As for GPR56 we
observed an increase in MFI during culturing time, and for
CD161 the opposite, a slight decrease (see Figure 1D). The
biological relevance of these change compared to percentage
expression is unknown. A similar trend was observed for HLA
class I, with a decrease in expression during culturing time, a
change that was difficult to observe when only looking a
percentage expression (Figure 2D and Supplementary Figure
1D). The overall gating strategy for phenotype analysis of
Vg9Vd2 T cells is shown in Supplementary Figure 1.

Cross-Presentation of Virus-Specific
Antigens by Vg9Vd2 T Cells
We next set out to test the ability of Vg9Vd2 T cells to cross-
present tumor antigens, because Vg9Vd2 T cells in the early
expansion (day 7-13) express co-stimulatory markers (Figure
2A) and previously has been shown to cross-present virus
peptides (23). To verify findings by Brandes et al. (23), and to
validate our assays, we first tested Vg9Vd2 T cells’ ability to cross-
present a virus antigen. Our experimental setup is illustrated in
Figure 3; Vg9Vd2 T cells were expansion for 9-11 days after which
the long peptide or protein, and minimal peptide for positive
control was added for 24 hs. This was followed by analysis of
Vg9Vd2 T cells (written as ‘gdAPC’) as targets for specific abTCR
T effector cells (‘Teff.’) using ELISPOT assay. IFNg secretion was
used as a measurement for specific target recognition and hence
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antigen cross-presentation. In Supplementary Figure 2A,
successful antigen cross-presentation of the CMV epitope was
demonstrated in ELISPOT as the long (40aa) CMV peptide
reached ~50% of IFNg secretion compared to the positive
control with short CMV peptide, which is loaded on the HLA-
molecules extracellularly. This successfully supported previously
data and validated the assay.

Cross-Presentation of Tumor Antigens by
Vg9Vd2 T Cells
The ability of Vg9Vd2 T cells to cross-present tumor antigens was
investigated using three tumor-antigen specific CD8+ abTCR T
effector cells (Teff.) that recognized, gp100 orMART-1 in anHLA-
A*02:01-restricted manner, or MAGE-A3 with HLA-A*01:01
restriction. These were generated by either transfection or
transduction of the TCR into ab T cells (see material and
methods). The specificity of the three abTCR T effector cells
(Teff.) was established using IFNg ELISPOT upon recognition of
the minimal gp100, MART-1, or MAGE-A3 peptide (Table 2)
compared to reactivity to a minimal HIV peptide as negative
Frontiers in Immunology | www.frontiersin.org 930
control (The grey bars of Figures 4A–C). Specificity of these
transfected/transduced abTCR T effector cells (Teff.) was also
confirmed in chromium release assay (data not shown).

To test cross-presentation of tumor antigens by Vg9Vd2 T
cells, expanded Vg9Vd2 T cells were incubated for 24 hs with; the
long gp100 peptide (29aa) which contains the minimal epitope
flanked on both sides by several amino acids (Table 2); or the
recombinant MART-1 protein; or the MAGE-A3 protein.
Antigen-exposed Vg9Vd2 T cells were used as APC (gd-APC),
and recognition by Teff. was analyzed by IFNg ELISPOT. Specific
recognition was observed for all three antigens yielding roughly
50% of the spot count in the cross-presentation situation (blue
bars) compared to the peptide-loaded condition (black bar)
(Figures 4A–C). As an additional control for Teff. potential
reactivity to long peptide, we also setup an ELISPOT with only
Teff., added either short HIV peptide, short gp100 peptide or
long gp100 peptide. Reactivity was only observed against the
short gp100 peptide (compared to the short HIV peptide), and
also not against the long gp100 peptide (see Supplementary
Figure 2B). In conclusion, our data show that Vg9Vd2 T cells
A

B

D

C

E

FIGURE 2 | Phenotype analysis of Vg9Vd2 T cell cultures over time. Vg9Vd2 T cells cultures were expanded from three different healthy donors (HD), and analyzed
by flow cytometry during culturing time in vitro up to 28 days. (A) Purity of the Vg9Vd2 T cell cultures is shown, by looking at both CD3pos and Vg9Vd2 (Vg9) T cells,
but also CD3neg and NK (CD3negCD56) cells. (B) Vg9Vd2 T cell percentage expression of CD80, CD86, CCR7 and HLA-DR is shown. (C) Vg9Vd2 T cell percentage
expression of NKG2D, CD56, CD16, and DNAM-1 is shown. (D) Finally, Vg9Vd2 T cells expression of GPR56, CD161 and HLA-ABC is shown by MFI values.
(E) Purity analysis on day 0 of the PBMCs used for expansion to Vg9Vd2 T cells cultures. Complete gating strategies can be found in Supplementary Figure 1. (n=3).
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can cross-present the tumor-associated antigens (TAA) gp100,
MART-1 and MAGE-A3.

Cross-Presentation of Tumor Antigen Is
Proteasome Dependent
To further strengthen these results, we included a proteasome
inhibitor, lactacystin. To ensure that lactacystin was not toxic to
the cells, an apoptosis assay was performed (Supplementary
Figure 3), confirming that addition of 50µM lactacystin did not
result in significant increase of either dead or apoptotic cells, nor a
decrease in living cells. Analysis of HLA class I expression in
response to lactacystin, showed no significant difference in
expression. For the antigen cross-presentation assay, the
lactacystin was added after the initial ZOL stimulation on day 1,
but prior to addition of the peptide/protein on day 2. The rationale
was to ensure blocking of the proteasome before addition of long-
peptide/protein, to allow blocking of antigen cross-presentation.
Addition of lactacystin, in the cross-presentation assay reduced the
number of IFN-g spots significantly (bars with stripes),
emphasizing that cross-presentation by Vg9Vd2 T cells is, at
least in part, mediated by the proteasome (Figure 4C).
DISCUSSION

Vg9Vd2 T cells as well as ab T cells are known to recognize
infected and cancerous cells, but by very different mechanisms. ab
Frontiers in Immunology | www.frontiersin.org 1031
T cells recognize peptides bound to HLA molecules, whereas
Vg9Vd2 T cells recognize pAg independently of HLA. As a
consequence, Vg9Vd2 T cells recognize and kill cancer cells
independently of tissue type, and its specificity is broader
compared to ab T cells at the clonal level. Most of the target
molecules recognized by Vg9Vd2 T cells are broadly expressed on
cancer cells (55). Our results support this notion by showing that
Vg9Vd2 T cells can kill cancer cells of various histotypes, ranging
from breast cancer, prostate cancer, melanoma to hematological
cancers. Furthermore, the killing capacity of Vg9Vd2 T cells can
be significantly increased upon sensitization with ZOL, with the
exception of the hematological cancer cell lines, which were killed
quite efficiently in the absence of sensitization.

Data from several studies have shown that Vg9Vd2 T cells can
express both co-stimulatory and NKmarkers. To our knowledge,
previous comparisons have merely been restricted to single time
points (20, 56), stimuli dependent expression (57) or comparison
of NK markers (58). Here, we aimed to observe the expression of
these markers over an extended period, to obtain a better
understanding of the dynamics of the phenotype over time
during in vitro generation of Vg9Vd2 T cell cultures. We
observed that co-stimulatory markers CD80, CD86 and CCR7
are highly expressed in the initial expansion phase, followed by a
decrease, while expression of NKmarkers tended to increase over
time. This seems to especially involve an increase in NKG2D,
CD56, to a minor extent CD16 and GPR56. These markers have
also been suggested by others in describing cytotoxic phenotype
FIGURE 3 | Experimental setup for antigen cross-presenting assay. The ability of Vg9Vd2 T cells to cross-present antigens was tested as schematically outlined.
Vg9Vd2 T cells were expanded for 9-11 days, as described in the method section. Next, long peptide or protein was added to wells with Vg9Vd2 T cells, followed by
24 h incubation, to allow antigen uptake and cross-presentation. Then, the Vg9Vd2 T cells were washed twice to remove excess long peptide or protein. Next,
Vg9Vd2 T cells were transferred to the ELIPOT plate and antigen specific abTCR T effector cells (Teff) were added. IFNg secretion following specific target recognition
was measured by IFNg ELISPOT assay. Vg9Vd2 T cells alone were used as negative controls. For positive controls, short peptide was added to wells containing both
Vg9Vd2 T cells and Teff leading to maximal recognition and associated cytokine secretion by Teff.Figure is created with Biorender.
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for Vg9Vd2 T cells (22, 59, 60). To investigate whether these
phenotypic changes actually corresponded to changes in
functionality, we compared the cytotoxic capacity of Vg9Vd2 T
cells expanded for 9 days versus those expanded for 14 or 25 days.
Vg9Vd2 T cells, independent of duration of expansion, were able
to kill cancer cells. However, a significant difference in killing
efficiency could be observed between the gd T cell populations at
low EC : TC ratio; with Vg9Vd2 T cells expanded for more than
25 days being the most efficient cancer cell killers. This was most
pronounced when targeting the prostate cancer cell PC-3,
whereas only a tendency could be observed when targeting
MDA-MB-231 or A2058. Overall, this supports our findings
that Vg9Vd2 T cell cultures switch from a co-stimulatory
phenotype into a more effector cell type during prolonged
expansion times in vitro.
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Expression of co-stimulatory markers has traditionally been
described for professional APC, such as DCs, and has been
shown to be essential for priming of naïve ab T cells (61). A
comparison of antigen presenting capacity of Vg9Vd2 T cells
with DCs has been reported elsewhere. In short, Brandes and
colleagues demonstrated that in vitro Vg9Vd2 T cells are equal to
DCs in their ability to present virus antigen and activate ab T
cells (20). The same study also showed that Vg9Vd2 T cells are
capable of cross-presenting virus antigens, and as study by
Capsomidis et al, showed antigen cross-presentation of a long
MART-1 peptide (25 amino acids long) (22). In further
consideration of tumor antigens, Himoudi et al., demonstrated
that Vg9Vd2 T cells can cross-present long peptide as well as
cancer cell derived protein, the latter requiring opsonization of
target cells (24). We show cross-presentation by Vg9Vd2 T cells
A B

C

FIGURE 4 | Vg9Vd2 T cells can cross-present tumor antigen from long tumor peptides and tumor proteins. To test the ability of Vg9Vd2 T cells to cross-present
tumor antigen, the experimental APC setup illustrated in Figure 3 was used. (A–C) Specificity of the tumor antigen specific CD8+ abTCR T cells which were used as
effector cells in the APC assay, is shown by ELISPOT assay. This includes three different abTCR T effecter cells (called ‘Teff’), being specific for either gp100
(YLEPGPVTA, HLA-A*02.01-restricted), MART-1 (ELAGIGILTV, HLA-A*02.01-restricted) or MAGE-A3 peptide (EVDPIGHLY, HLA-A*01.01-restricted). Short peptides
for gp100, MART-1 or MAGE-A3 peptides, were added to the ELISPOT wells as a positive control (5 nM) and confirmed specificity (dark grey bars) by comparison
the unspecific short HIV peptide (ILKEPVHGV), used as negative control (light grey bars in figure a, b and c). Peptide concentration was 5 nM. (n=3, triplicates).
(A) Tumor antigen cross-presentation was measured using IFNg ELISPOT assay. Cross-presentation of a long gp100 peptide (29aa, 0.5 µM), recognized by gp100
specific abTCR cells (Teff.) (n=3 triplicates). (B) Cross-presentation of MART-1 recombinant protein (118aa, 1.25 nM), recognized by MART-1 specific abTCR
effector cells (T.eff) (n=3 triplictes). (C) Cross-presentation of MAGE-A3 recombinant protein (314aa, 27 nM), recognized by MAGE-A3 specific abTCR effector cells
(Teff). Additionally, inhibition of cross-presentation of the MAGE-A3 recombinant protein was shown by addition of 50 µM lactacystin (proteasome inhibitor) (n=3,
repeated in 4 independent experiments). gd-APC refers to the Vg9Vd2 T cells that served as APC for antigen presentation, Teff refers to the abTCR T effector cells,
pep = peptide. All experiments were carried out in triplicates, and distribution free resampling (DFR) method was used for statistical analysis. P-value ≤ 0.05 (*) were
considered statistically significant. Error bars indicated SD.
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for three different tumor antigens; gp100, MART1 and MAGE-
A3, as long peptide or recombinant protein and restricted by two
different HLA molecules (Figure 4). The exact mechanism of
how antigens are cross-presented is still under investigation, and
cross-presentation without the involvement of the proteasome
and transporter associated with antigen processing (TAP) has
been described (62). However, most studies have demonstrated a
mandatory requirement for proteasomal activity (25). To
substantiate this notion, we took advantage of the proteasome
inhibitor lactacystin which led to a highly reduced IFNg response
of MAGE-A3-specific CD8 T cells (see Figure 4C), strongly
suggesting that the proteasome is indeed involved in cross-
presentation of antigens by Vg9Vd2 T cells. Minor variation in
efficacy can be observed between the three Teff. cells, but this has
also been described elsewhere, for example by Morel et al. (63)
and we still find the antigen cross-presentation to be solid for all
three Teff.

Collectively, our data support the role of Vg9Vd2 T cells as an
antigen presenting cells in vitro. Whether this is a physiological
relevant function in vivo is still unknown and we do not know the
exact mechanism of antigen uptake. The study of Himoudi et al.,
could demonstrate a significantly improved uptake of cells upon
opsonisation (24). We tested uptake of protein but did not test
uptake of cells in our system, but Vg9Vd2 T cells have been
shown to take up antigen by phagocytosis (64) as well as
trogocytosis (65) and it seems likely that antibody binding
could possibly improve both. Based on our results, it is clear
that Vg9Vd2 T cells can take up antigen regardless of
opsonization, and cross-present the antigen to CD8 T cells.

We were able to demonstrate a shift in phenotype and
cytotoxic capacity associated with culture time. However, even
at early time points when the cells are highly capable of antigen
cross-presentation – the cells are efficient killers. This is in
agreement with previous studies showing that Vg9Vd2 T cells
can cross-present antigens from target cells which they just had
killed (24). At this stage, the Vg9Vd2 T cells should still express
CCR7 and supposedly migrate to lymph nodes to initiate or
support CD8 T cell activation. This notion is currently purely
speculative, although it has been shown that Vg9Vd2 T cells have
a supportive role for antitumor responses performed by ab T
cells (66).

Vg9Vd2 T cells have been tested in ACT, and the condition
used for expansion of Vg9Vd2 T cells in the present study
should be relevant for the generation of such cells for clinical
application. The presented data reveal important information
regarding dynamic changes during prolonged time in culture
and highlight the possibility that the change in function to some
extent can be monitored by changes in phenotype. Given the
knowledge that in vitro expanded Vg9Vd2 T cells –do not
present antigen in the absence of added tumor antigen –, the
most rational setup for maximal cytotoxic effector function in
ACT would be to use Vg9Vd2 T cells that do not express CCR7,
e.g. have been expanded for 14 days or more. Alternatively,
tumor antigen could be added for uptake and cross-
presentation very early during the expansion, and cells be
administered while they still express CCR7 on the surface,
Frontiers in Immunology | www.frontiersin.org 1233
however, in that case much fewer cells. Potentially concurrent
administration of IL-2 or IL15 could aid in vivo expansion and
persistence (34, 67).

In conclusion, we show that in vitro expanded Vg9Vd2 T cells
can kill cancer cells across a broad range of histotypes, cross-
present tumor antigens in a proteasome-dependent manner and
become more cytotoxic with culture time. We believe these
dynamics of function and phenotype should be considered
prior to clinical application.
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Angiogenesis is an essential physiological process and hallmark of cancer. Currently,
antiangiogenic therapy, mostly targeting the vascular endothelial growth factor (VEGF)/
VEGFR2 signaling axis, is commonly used in the clinic for solid tumors. However,
antiangiogenic therapies for breast cancer patients have produced limited survival
benefits since cancer cells rapidly resistant to anti-VEGFR2 therapy. We applied the low-
dose and high-dose VEGFR2 mAb or VEGFR2-tyrosine kinase inhibitor (TKI) agents in
multiple breast cancer mouse models and found that low-dose VEGFR2 mAb or VEGFR2-
TKI achieved good effects in controlling cancer progression, while high-dose treatment was
not effective. To further investigate themechanism involved in regulating the drug resistance,
we found that high-dose anti-VEGFR2 treatment elicited IL17A expression in gd T cells via
VEGFR1-PI3K-AKT pathway activation and then promoted N2-like neutrophil polarization,
thus inducing CD8+ T cell exhaustion to shape an immunosuppressive microenvironment.
Combining anti-VEGFR2 therapy with immunotherapy such as IL17A, PD-1 or Ly-6G mAb
therapy, which targeting the immunomodulatory axis of “gdT17 cells-N2 neutrophils” in vivo,
showed promising therapeutic effects in breast cancer treatment. This study illustrates the
potential mechanism of antiangiogenic therapy resistance in breast cancer and provides
synergy treatment for cancer.

Keywords: gdT cell, neutrophil, anti-VEGFR2 therapy, breast cancer, IL17A, therapy resistance
INTRODUCTION

Pathological angiogenesis is a key feature of cancer and is involved in multiple stages of cancer
development (1). Neovascularization can be enacted by a number of different mechanisms and
multiple proangiogenic factors in the tumor microenvironment (such as VEGF and ANG-2) (2).
Currently, antiangiogenic therapies, mostly targeting the VEGF/VEGFR2 signaling, are widely
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applied in the clinic and considered as a major treatment for a
wide range of advanced or metastatic tumors, including breast,
colon, lung and gynecological cancers (3, 4). Interestingly, the
efficacy of antiangiogenic drugs in the treatment of breast cancer
is inconsistent. Clinical trials found that antiangiogenic therapy
achieved only modest gains in progression-free survival and had
no effect on overall survival (5, 6). Thus, the clinical guideline
recommendations may not be universally applicable. The relapse
mechanisms under antiangiogenic therapy remain unclear.

Antiangiogenic therapy cannot kill tumor cells directly, but
works by changing the tumor microenvironment, such as
restoring tumor perfusion and proper oxygenation to limit
tumor cell invasion. Studies have also revealed that many
factors in the tumor microenvironment can influence the
effects of antiangiogenic drugs (7–9). Evidence suggests that
myeloid cells, the largest population of innate immune cells,
are crucial for resistance to antiangiogenic therapies via their
immunosuppressive pathways (10). Previous studies have
reported that neutrophils produce VEGF, MMP9, and Bv8 to
sustain tumor angiogenesis (11–13). However, how neutrophils
are functionally differentiated during antiangiogenic therapy
remains unknown.

gd T cells are a subtype of innate-like T lymphocytes that
perform critical functions in the immune system and are
conducive to either the immune response or immune
regulation depending on their environment (14, 15). In the
tumor microenvironment, gd T cells are a remarkably
heterogeneous population. Their antitumor effects are
mediated by direct tumor cell killing via secreting interferon
(IFN)-g but they can also secret IL17A to promote tumor growth
(16). Coffelt’s research showed that, in a breast cancer mouse
model, IL17A-producing gd T cells induced neutrophil
expansion and polarization, which created a premetastatic
immunosuppressive microenvironment (17). However, it has
not been reported whether gd T cells are involved in
antiangiogenic tumor therapy.

In this study, to clarify the mechanism of resistance to high-
dose anti-VEGFR2 therapy, we applied different doses of
VEGFR2 mAb and VEGFR2-tyrosine kinase inhibitor (TKI) in
various breast cancer mouse models. Our results revealed that gd
T cells and neutrophils were actively involved in tumor resistance
to high-dose anti-VEGFR2 therapy. Furthermore, we found that
high-dose VEGFR2-TKI induced gd T cells to produce IL17A via
VEGFR1-PI3K-AKT pathway activation, which in turns
promoted N2-like neutrophil polarization. N2 neutrophils
accelerrated the CD8+ T cells exhaustion and then shaped an
immunosuppressive microenvironment. Finally, we uncovered
the “gd T17 cells- N2 neutrophils” immunomodulatory axis that
instigates resistance to high-dose anti-VEGFR2 therapy.
MATERIALS AND METHODS

Cell Lines
The 4T1 mammary tumor cell line was obtained from the
Shanghai Institute of Cell Biology of the Chinese Academy of
Frontiers in Immunology | www.frontiersin.org 237
Science (SIBS, Shanghai, China), and the EMT6 mammary
tumor cell lines were obtained from FuDan IBS Cell Center
(FDCC, Shanghai, China). Both cell lines were authenticated by
STR profiling and incubated in a humidified incubator with 5%
CO2 at 37°C. They were cultured in RPMI-1640 complete
medium supplemented with 10% FBS (Gibco, USA) and 1:100
penicillin-streptomycin (Gibco).

Mice
Female wild-type BALB/c mice were provided by Slaccas Co.
(Shanghai, China), and FVB/N-Tg (MMTV-PyMT) mice were
provided by Gempharmatech (Nanjing, China). All mice were
housed in the specific pathogen-free conditions of Zhejiang
Chinese Medical University Laboratory Animal Research Center.
All mouse protocols and procedures were reviewed and approved
by theEthics ReviewCommittee of the SecondAffiliatedHospital of
the Zhejiang University School of Medicine.

In order to establish the 4T1 or EMT6 tumor-bearing mouse
model, BALB/c mice were anesthetized with 0.8% sodium
pentobarbital (80 mg/kg) intraperitoneal (i.p.) and inoculated
with a suspension of 1x105 4T1 or EMT6 cells in the right fourth
mammary fat pad.

VEGFR2 Tyrosine Kinase Inhibitors (TKI)
and VEGFR2 Monoclonal Antibody (mAb)
Treatment
The VEGFR2-TKI YN968D1 (apatinib) that inhibited VEGFR2
was obtained from Jiangsu Hengrui Medicine Co. (Nanjing,
China) (18). Anti-mouse VEGFR2 mAb was obtained from
BioXCell (clone DC101). VEGFR2-TKI YN968D1 was
intragastric (i.g.) administrated for mice (low dose: 100mg/kg/
day, high dose: 200mg/kg/day) and Anti-mouse VEGFR2 mAb
was i.p. administrated for mice (low dose: 2mg/kg/twice a week,
high dose: 10mg/kg/twice a week). The details of the strategy are
shown in Supplementary Figures S1A, S2A. The primary tumor
CD31 expression level, primary tumor size and tumor weight,
spleen weight, and numbers of lung metastatic nodules were
measured to evaluate the therapeutic effect of VEGFR2-TKI and
VEGFR2 mAb (Figure 1 and Supplementary Figure S1).

Specimen Acquisition and Processing
The spleen was ground on 100-mm nylon mesh (BD Falcon,
#352360) into single cells. The splenocyte suspensions were lysed
for 1 min (BD Bioscience, #349202) before subsequent detection
or culture. Bone marrow cells were obtained from the hind limbs
and then filtered into single cells. Primary tumors were cut into
small pieces after excluding connective tissue and digested in
digestion medium containing RPMI-1640 with 1 mg/ml
collagenase IV (Sigma-Aldrich, #V900893) in a 37°C shaker for
1-2 h until digestion was complete. The single-cell suspension
was further filtered through 40-mm nylon mesh (BD Falcon,
#352340) to effectively remove impurities.

Flow Cytometry Analysis and Sorting
For cell surface marker staining, primary tumor cells, bone
marrow cells and splenocytes were isolated as described
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previously (19) and incubated with Zombie Red™ Fixable
Viability Kit (Biolegend, #423109, to assess live vs. dead status
of cells) for 30 min at room temperature (RT) and then washed
with PBS. Cell suspension was then stained with anti-CD16/32
Frontiers in Immunology | www.frontiersin.org 338
(c lone S17011E, to block non-spec ific binding of
immunoglobulin to the Fc receptors) for 10 min and then with
the following fluorochrome-conjugated mAbs for 30 min at
4°C: anti-CD45 (clone 30-F11), anti-CD3ϵ (clone 145-2C11),
A

B

C

FIGURE 1 | High doses of anti-VEGFR2 therapy are not effective at controlling breast cancer progression. (A) Immunofluorescence and quantification of CD31 on
breast cancer tissue after anti-VEGFR2 therapy in 4T1 model. Bar=200 mm. Green, CD31; blue, DAPI. (B) Representative size and weight of tumor and spleen after
anti-VEGFR2 therapy. (C) H&E staining and quantification of lung metastasis in the 4T1 model (Black arrow) and MMTV-PyMT model (Black arrow) after anti-VEGFR2
therapy. Bar=1 mm. Data are presented as the means ± SD from one representative experiment. Similar results were obtained from three independent experiments,
n=4 mice each group, unless indicated otherwise. Statistical analysis was performed by one-way ANOVA. *p < 0.05, **p < 0.01, and ***p < 0.001. See also
Supplementary Figures S1, S2.
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anti-CD4 (clone RM4-5), anti-CD8a (clone 53-6.7), anti-TCRg/d
(clone GL3), anti-TCRb (clone H57-597), anti-CD11b (clone
M1/70), anti-Ly6G (clone 1A8), anti-EpCAM (clone G8.8), anti-
PD-1 (clone RMP1-30), anti-PD-L1 (clone 10F.9G2), anti-
VEGFR2 (clone 89B3A5), anti-CD14 (clone Sa14-2), anti-Ly6C
(clone HK1.4) (all from BioLegend) and anti-VEGFR1/Flt-1
(clone 141522), anti-VEGFR3/Flt-4 (Polyclonal) (from R&D
Systems). Isotype controls are applied as negative controls.

For intracellular staining, the cell density was adjusted to
5×106/ml, and a cell stimulation cocktail plus protein transport
inhibitors (eBioscience, #00-4975-03) was added to the plate and
incubated for 4-6 h. Cell surface marker staining was performed as
described above, and the cells were then fixed and permeabilized
using a fixation buffer (BioLegend, #420801) and permeabilization
wash buffer (BioLegend, #421002). Subsequently, the cells were
stained with fluorophore-conjugated antibodies against IFN-g
(clone XMG1.2, BioLegend) and IL17A (clone TC11-
18H10.1, BioLegend).

For detecting the ROS level of indicated neutrophils, cells
were harvested and Reactive Oxygen Species Assay Kit
(Beyotime, #S0033) was used for staining.

Data were obtained from a FACSCanto II flow cytometer (BD
Biosciences, San Jose, CA) and analyzed with FlowJo software
(V10, Tree Star Inc., Ashland, OR). For flow cytometry sorting, a
single-cell suspension was sorted with a FACSAria II cell sorter
(BD Bioscience). The cell sorting strategy was as follows: ①
CD45-APC/Cy7, CD3ϵ-PerCP/Cy5.5, and TCRg/d-APC; ②

CD45-APC/Cy7, CD11b-PE/Cy7, and Ly-6G-APC.

Mouse Neutrophil Magnetic Isolation
Mouse neutrophil MACS isolation was performed using a Mouse
Neutrophil Isolation Kit (Miltenyi, #130-097-658). Briefly,
single-cell suspensions from mice bone marrow or tumor
tissue were acquired, and erythrocytes were lysed before
magnetic labeling. Then, 50 ml of Neutrophil Biotin-Antibody
Cocktail was added per 200 mL of cell suspension (5x107 total
cells) and incubated for 15 min on ice. After washing, 100 µl of
Anti-Biotin MicroBeads was added per 400 ml of cell suspension.
An LS column and a MidiMACS separator (Miltenyi) were used
for subsequent magnetic sorting.

Biochemical Characterization
Detection of Neutrophil
Arginase1, Prostaglandin E2 (PGE2), nitric oxide (NO) levels
were measured to evaluate the indicated neutrophils’ cellular
immunosuppressive function. Arginase Activity Assay Kit
(Sigma-Aldrich, #MAK112), Prostaglandin E2 Assay (R&D
Systems, #KGE004B), Nitric Oxide Assay Kit (Beyotime,
#S0021) were applied. The procedures were performed
according to the manufacturers’ protocol.

Tissue Culture Supernatant Collection
Primary tumor tissue was cut into small pieces using sterile
ophthalmic scissors. Then, the samples were placed in a 6-well
plate with RPMI-1640 medium. The culture supernatant was
harvested after 24 h and centrifuged at 300xg for 5 min for
further purification.
Frontiers in Immunology | www.frontiersin.org 439
Neutrophil and gd T Cells Induction In Vitro
Mouse bone marrow-derived neutrophils were obtained as
previously described. Neutrophils were plated in plate bottom
96-well plates with different concentration of VEGFR2-TKI,
tissue culture supernatant, IL17A mAb (1mg/mL, Biolegend,
#506945), IFN-g mAb (1mg/mL, Biolegend, #505833) and cells
were harvested after 4h. The neutrophils cellular marker staining
procedure is described above. For co-culture assay (Figures 4D, E),
tumor-infiltrating gd T cells were obtained from primary tumors
via single-cell FACS sorting. gd T cells and neutrophils (cell ratio
1:1) suspended in complete RPMI-1640 medium containing
Ultra-LEAF-purified anti-mouse CD3ϵ mAb (BioLegend,
#100340) were plated in U-bottom 96-well plates separated with
0.4mm transwell chamber (Corning, #3381).

For gd T induction in vitro (Figures 3B, D and
Supplementary Figure S3G), mouse spleen-derived gd T cells
were obtained by MACS isolation. gd T cells suspended in
complete RPMI-1640 medium containing purified anti-mouse
CD3ϵ mAb were plated in U-bottom 96-well plates and different
concentration of VEGFR2-TKI (Figures 3B, D) and YS-49
(Supplementary Figure S3G).
CD8+ T Cell Detection and Co-Culture
System In Vitro
CD8+ T cells were isolated from naive BALB/c mouse spleens
using a positive CD8+ T cell isolation kit (BioLegend, #100704).
For T cell proliferation assays, MACS-isolated CD8+ T cells were
firstly labeled with CFSE (1 mM, BioLegend, #423801) in a 37°C
cell culture incubator for 10 min and thoroughly washed 3 times
with pre-warmed complete RPMI-1640 medium.

For exploring CD8+ T cells proliferation (Figures 6A,
Supplementary Figures S6B, D) and PD-1 expression
(Figures 6B, Supplementary Figures S6C, E), cells were
suspended in complete RPMI-1640 medium with Ultra-LEAF-
purified anti-mouse CD3ϵ mAb, anti-mouse CD28 mAb
(BioLegend, #102115) and recombinant IL-2 (PeproTech, #210-
12). For detecting CD8+ T cells change under the VEGFR2-TKI
intervention in vitro, different dose VEGFR2-TKI was added in the
culture system for 3 days and evaluated via flow cytometry. For
detecting CD8+ T cells change under the influence of tumor-
infiltrating neutrophils or gd T cells, tumor-infiltrating
neutrophils or gd T cells were obtained from primary tumors
(low dose VEGFR2-TKI treated, high does VEGFR2-TKI treated
or untreated mice) via single-cell FACS sorting. gd T cells or
neutrophils were co-cultured with CD8+ T cells (cell ratio 10:1)
for 3 days and evaluated via flow cytometry.

For investigating the gd T-neutrophil-CD8+ T cells axis
and the effect of IL17A, The schedule was operated and
showed in Figure 6C. Briefly, tumor-infiltrating gd T cells
from high does VEGFR2-TKI treated mice primary tumors
were plated into upper chamber (0.4mm transwell chamber)
and CD8+ T cells with or without naive neutrophils were
plated into the lower chamber with complete RPMI-1640
medium containing Ultra-LEAF-purified anti-mouse CD3ϵ
mAb, anti-mouse CD28 mAb and recombinant IL-2 (gd
T cells: neutrophil: CD8+ T cells ratio =10:10:1). IgG control
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(1mg/mL, Biolegend, #400431) or anti-IL17AmAb (1mg/mL) was
added in the coculture system.

PI3K Activator and Inhibitor Treatment
In order to evaluate the PI3K pathway in tumor development,
BALB/c mice were inoculated 4T1 cells in the right fourth
mammary fat pad and divided into 5 groups as shown in
Supplementary Figure S3F: 1. PBS group, 2. low-dose
VEGFR2-TKI group, 3. low-dose VEGFR2-TKI with PI3K
inhibitor Copanlisib (MCE, #HY-15346, intravenous (i.v.) 100
mg/mouse/every other days) group, 4. high-dose VEGFR2-TKI
group, 5. high-dose VEGFR2-TKI with PI3K activator YS-49
(MCE, #HY-15346, i.p. 100 mg/mouse/every other days) group.
Intervention was started two weeks after 4T1 cells inoculation.

Therapeutic mAb Treatment
Two weeks after 4T1 cell inoculation in the right fourth
mammary fat pad, the combination treatment of high-dose
VEGFR2-TKI and a mAb was performed for 2 weeks. Anti-
IL17A mAb (clone 17F3), anti-Ly-6G mAb (clone 1A8), anti-
PD-1 mAb (clone J43), mouse IgG1 (clone MOPC-21) (All from
BioXCell, i.v., 100 mg/mouse/every three days) or PBS as control
was applied. The mAb deleting efficiency was proved by obtain
PB at the end of the treatment and stained with anti-CD45, anti-
CD11b, anti-Ly6G via flow cytometry.

Western Blot
Sorted gd T cells from primary tumor or spleen-derived gd T cells
after in vitro treatment were harvested and lysed in pre-cooled
RIPA Lysis Buffer (Beyotime, #P0013B) with a cocktail of
protease and phosphatase inhibitor (Thermo Fisher, #78445).
A bicinchoninic acid (BCA) assay kit (Thermo Fisher, #23227)
was used for protein concentration measurement. The proteins
were separated by sodium dodecyl sulfatepolyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred onto a
polyvinylidene difluoride (PVDF) membrane (Bio-Rad). After
blocking with 5% (w/v) fat-free milk (BD Biosciences, #232100)
at RT for 1 h, the membrane was incubated with the
corresponding primary antibodies overnight at 4°C followed by
the appropriate horseradish peroxidase (HRP)-conjugated
secondary antibodies. Immunoreactive bands were identified
using enhanced chemiluminescence (Thermo Fisher Pierce,
#32109). Primary antibody, including anti-AKT (1:1000, Cell
Signaling Technology, #4685S), anti-Phospho-Akt (Ser473,
1:1000, Cell Signaling Technology, #4058S), anti-PI3 Kinase
(p85, 1:1000, Cell Signaling Technology, #4257S), anti-PI3
Kinase p85 (Tyr458)/p55 (Tyr199) (1:1000, Cell Signaling
Technology, #4228S), and anti-b-actin (1:2000, HuaBio,
#EM21002), was applied. Secondary antibodies, including anti-
mouse (1:5000, HuaBio, #G1006-1) and anti-rabbit (1:5000,
HuaBio, #HA1001), were applied. Quantification of WB
images was conducted by ImageJ software (version 1.48).

Tissue Immunofluorescence Staining
Mouse tissue was obtained, fixed with 4% paraformaldehyde for
24 h and then embedded in paraffin for sectioning. After
dewaxing and dehydration, sections were incubated with a
Frontiers in Immunology | www.frontiersin.org 540
primary antibody overnight. A fluorophore-labeled secondary
antibody was added and incubated for 2 h at RT. Finally, the
sections were stained with DAPI and imaged. Primary Abs
specific for CD31 (Polyclonal, Proteintech, #28083-1-AP) were
applied. CD31 area density (%) was calculated by dividing the
CD31-positive staining area with the total total tissue area.
Quantification of immunofluorescence images was conducted
by ImageJ software.

Giemsa Staining
Collected neutrophils were adjusted to a cell concentration of
1x106/mL. Then, 50 mL of cell suspension was added to a
cytospin, and the cells were attached to the slide. Then, the
cells were fixed for 20 min in 4% paraformaldehyde, stained with
a Giemsa solution (Solarbio, 0.4 w/v, #G1015) for 10 min and
washed with ddH2O. Cell nuclear morphology was observed
under an optical light microscopy by two independent
researchers (Chenghui Yang AND Ke Su). 5 fields of view are
randomly selected for each sample and cells with nucleus
segmentation ≥3 are deemed as N1 type neutrophil while cells
with round nucleus are deemed as N2 type neutrophil.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism
(V6.0, GraphPad Software, Inc. La Jolla, CA). The results are
expressed as the mean values ± SD. The significance of variations
between two groups was determined by an unpaired two-tailed
Student’s t test, and one-way ANOVA was also used for the
multiple groups comparisons. Repeated-Measures ANOVA was
performed for changes over time in the groups. Statistical
significance was assumed at p<0.05. The following symbols
were applied in figures: *p<0.05, **p<0.01, and ***p<0.001.
RESULTS

High-Dose Anti-VEGFR2 Therapy Is Not
Effective at Controlling Breast Cancer
Progression
Previous studies suggested that anti-VEGFR2 treatment inhibit
angiogenesis and tumor growth in dose-dependent pattern (20,
21). In order to investigate the changes in intratumoral vessels
and tumor through the treatment, we treated the breast cancer
mice with administration of an anti-VEGFR2 antibody (clone
DC101) or YN968D1 (Apatinib), a small molecule tyrosine
kinase inhibitor (TKI) that selectively inhibits VEGFR2.

According to previous studies, 50 to 200mg/kg/day of
VEGFR2-TKI (YN968D1) has an anti-tumor effect in different
tumor mouse models (18). Combined with the sensitivity of
breast cancer to antiangiogenic therapy and related mouse
studies, we selected 200mg/kg/day as the high-dose group, and
100mg/kg/day was the relatively low-dose control group. In
addition, the optimal biotherapeutic dose of VEGFR2 mAb
(DC101) remains controversial and fluctuates widely among
mouse strains and tumor types, with a maximum of 50mg/kg,
3 times a week (22, 23). Studies have found that the treatment
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efficiency is the highest at 6mg/kg dose of DC101, the highest at
13-16mg/kg dose, and then decreases with the increase of dose
and duration (24). Combining the published literatures with our
former experiments, we selected 10mg/kg twice-weekly
intraperitoneal injection as the high-dose group and 2mg/kg
twice-weekly as the low-dose control group.

Various breast cancer mice models were conducted in our
experiments. We used the metastatic (4T1) and less invasive
(EMT6) mammary cell lines in a syngeneic (Balb/c) mouse
xenograft model. Murine 4T1 cells were originally derived
from a spontaneous breast cancer in the Balb/c strain and have
been reported as metastatic, which are largely similar to human
basal/triple-negative breast cancer (TNBC) cell lines. Conversely,
the EMT6 murine cell lines have been shown to be less invasive
and exhibit the characteristics of human Luminal breast cancer
subtype. To test the efficacy of VEGFR2-TKI (YN968D1) and
VEGFR2 mAb (DC101) in the treatment of breast cancer with
different invasive potentials, we established following treatment
groups (Supplementary Figure S1A). Tumor angiogenesis was
effectively reduced with different doses of VEGFR2-TKI and
VEGFR2 mAb treatment (Figure 1A and Supplementary Figure
S1B). However, the inhibitory effects of anti-VEGFR2 therapy on
tumor growth were evident in the low-dose group but not
significant in the high-dose group (Figures 1B, Supplementary
Figures S1C, D). Furthermore, the same VEGFR2 treatment was
also given to MMTV-PyMT mouse model (Supplementary
Figure S2A), a spontaneous breast cancer model, and the low-
dose group reduced the primary tumor as well as lung metastasis,
while no effect was found in the high-dose group (Figures 1C
and Supplementary Figures S2B). This is consistent with
current reports that high-dose anti-VEGFR2 therapy is not
effective for breast cancer treatment.

High-Dose VEGFR2-TKI Therapy
Contributes to the Polarization of IL17A-
Producing gd T Cells Rather Than IFN-g-
Producing gd T Cells
Our study and previous studies found that the onset of VEGFR2-
TKI (YN968D1) response and relapse is similar to that observed
with VEGFR2 mAb (DC101) (22, 25), supporting the notion that
VEGFR2-TKI predominantly blocks the VEGFR2 pathway in
breast cancer. Therefore, VEGFR2-TKI was used to explore the
resistance mechanism.

While exploring the immunological factors involved in the
resistance mechanism of high-dose VEGFR2-TKI on tumor
progression, we found that the therapeutic target VEGFR2 was
expressed at significantly higher levels in T lymphocytes than in
myeloid cells (Figure 2A and Supplementary Figure S2C), and
gd T cells exhibited higher VEGFR2 expression than ab T cells
(Figure 2B). We also found that neither low dose nor high dose
affected the proportion of gd T cells infiltrating the tumor in the
4T1 model, while the high-dose group in EMT6 was abundant in
infiltrating gd T cells (Figure 2C). Importantly, IFN-g-producing
gd T cells were predominant with the low-dose treatment, while
IL17A-producing gd T cells were predominant with the high-
dose treatment that induced drug resistance (Figure 2D).
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From these results, we speculated that VEGFR2-TKI acts on gd T
cells directly via VEGFR-2, thereby affecting gd T cell polarization.

High-Dose VEGFR2-TKI Treatment
Activates the “VEGFR1-PI3K-AKT”
Pathway to Promote Polarization
of gdT17 Cells
VEGFR is divided intoR1, R2 andR3.We found thatVEGFR2-TKI
therapy effectively reduced the expression of VEGFR2 on gd T cells
(Supplementary Figure S3A), while high dose treatment increased
the VEGFR1 expression without affecting VEGFR3 expression
(Figure 3A and Supplementary Figure S3B). Furthermore, with
the increase of VEGFR2-TKI concentration, the VEGFR1
expression of naive gd T cells gradually increasing in vitro
(Figure 3B), while VEGFR2 expression was opposite
(Supplementary Figure S3C). Previous studies demonstrated
that the PI3K signaling pathway can be activated by VEGFR2 or
VEGFR1 (26, 27). We found that the PI3K-AKT pathway was
significantly inhibited in gd T cells sorted from tumors of the low-
dose VEGFR2-TKI treatment group. On the contrary, gd T cells
from the high-dose and control groups had activated PI3K-AKT
pathway (Figure 3C and Supplementary Figure S3D). In addition,
we treated naive gd T cells with VEGFR2-TKI in vitro and found
progressively increased IL17A-secreting gd T cells and decreased
IFN-g-producing gd T cells with increasing drug concentration
gradients (Figure 3D). Published studies discovered that activation
of the PI3K-AKT pathway effectively promotes the secretion of
IL17A (28, 29). Therefore, we speculated that the exchange of gd T
cell subtypes with different doses was attributed to the activation
status of the PI3K-AKT pathway. We found that PI3K-AKT was
also gradually activated in a dose-dependent manner of VEGFR2-
TKI treatment (Figure 3E and Supplementary Figure S3E). Thus,
wehypothesized that IL17A-producing gdTcells aremaintainedby
activated VEGFR2-PI3K-AKT signaling in the absence of
treatment. However, activation of the VEGFR1-PI3K-AKT-
IL17A pathway and the subsequent increased IL17A-producing
gdTcells accounts for the resistance tohigh-doseVEGFR2-TKI. To
further prove the hypothesis, we designed in vivo experiments in
which the PI3K-AKT agonist YS-49 was given to the low-dose
group and the PI3K-AKT inhibitor Copanlisib was given to the
high-dose group (Supplementary Figure S3F).We found that low-
dosesVEGFR2-TKIwithYS-49 increased tumor size slightly, while
the tumor from high-dose with Copanlisib group was significantly
reduced, indicating that inhibiting the PI3K-AKT signaling
pathway could reverse tumor resistance induced by high-dose
treatment (Figure 3F). Further detection of tumor infiltrating gdT
cells showed that low dose VEGFR2-TKI with YS-49 increased
IL17A secretion, while high-dose VEGFR2-TKI with Copanlisib
had the opposite effect (Figure 3G). PI3K signaling pathway is
crucial for tumor cell (30) and tumor microenvironments (31–33).
In order to further illustrate the role of PI3K on gdT cells, in vitro
PI3K agonist treatment on naive gdT cells was operated and
found that IL17A secreting increased gradually in accordance
with PI3K agonist concentration (Supplementary Figure S3G).
These results further confirmed the possibility of gdT cells-PI3K-
IL17A pathway.
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FIGURE 2 | High-dose VEGFR2-TKI therapy contributes to differentiation into IL17A-producing gdT cells rather than IFN-g producing gdT cells. (A) Flow cytometry
analysis of VEGFR2 expression of myeloid cells (CD45+CD11b+) and lymphocytes (CD45+CD3+). (B) Flow cytometry analysis of VEGFR2 expression of abT cells
(CD45+CD3+TCRb+) and gdT cells (CD45+CD3+TCRgd+). (C) Frequency of gdT cells in the tumor after anti-VEGFR2 therapy. (D) Intracellular IFN-g and IL17A
expression of gdT cells from tumors in vivo. Data are presented as the means ± SD from one representative experiment. Similar results were obtained from three
independent experiments, n=4 mice each group, unless indicated otherwise. Statistical analysis was performed by two-tailed unpaired Student’s t test. ns, not
significant, *p < 0.05, **p < 0.01, and ***p < 0.001. See also Supplementary Figure S3.
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FIGURE 3 | High-dose VEGFR2-TKI therapy induce gdT cells producing IL17A via VEGFR1-PI3K-AKT pathway. (A) Flow cytometry analysis of VEGFR1 expression
of gdT cells (CD45+CD3+TCRgd+) in the tumor. (B) Flow cytometry analysis of VEGFR1 expression of gdT cells derived from naive spleen treated with different doses
of VEGFR2-TKI in vitro. (C) Western blot analysis of the PI3K and AKT pathways in gdT cells from tumors with different dose of VEGFR2-TKI therapy (gdT cells were
sorted from 4 tumors as one donor). (D) Flow cytometry analysis of intracellular IFN-g and IL17A expression of gdT cells derived from naive spleens treated with
different doses of VEGFR2-TKI in vitro. (E) Western blot analysis of PI3K and AKT pathways in gdT cells derived from naive spleens treated with different doses of
VEGFR2-TKI in vitro (gdT cells were sorted from 9 naive spleens as one donor). (F) Representative size of primary tumor after different dose VEGFR2-TKI therapy
combined with PI3K agonist or inhibitor in vivo (n=5). (G) Intracellular IL17A expression of gdT cells from tumors after different dose VEGFR2-TKI therapy combined
with PI3K agonist or inhibitor in vivo (n=5). Data are presented as the means ± SD from one representative experiment. Similar results were obtained from three
independent experiments, n=4 mice each group, unless indicated otherwise. Statistical analysis was performed by one-way ANOVA. ns, not significant, *p < 0.05,
**p < 0.01, and ***p < 0.001. See also Supplementary Figure S3.
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High-Dose VEGFR2-TKI Therapy
Facilitates “N2-Like” Neutrophil
Differentiation Induced by IL17A-
Producing gd T Cells
Previous studies have shown that both IFN-g and IL17A have
effects on the development of neutrophils (34), and we found that
neutrophil numbers were significantly increased after VEGFR2-
TKI treatment regardless of the therapeutic dose (Figure 4A).
Fridlender (35) reported that neutrophils can be classified into an
antitumorigenic type (called the ‘‘N1 phenotype’’) and a
protumorigenic type (the ‘‘N2 phenotype’’). To assess the
morphology of tumor-associated neutrophils, intratumoral
CD45+CD11b+Ly6G+Ly6C- cells were isolated. We observed
that neutrophils in the low-dose group were more lobulated
and hypersegmented. While in the high-dose group, neutrophils
appeared to have characteristically circular nuclei (immature
morphology) (Figure 4B). Production of reactive oxygen species
(ROS), the key anti-tumor product of N1 neutrophils, was higher
in neutrophils of the low-dose group than in those of the high-
dose group (Figure 4C). Furthermore, we treated neutrophils
with different doses of VEGFR2-TKI in vitro and found that the
nucleus segmentation and ROS production of the neutrophils
were not affected by the drug concentration (Supplementary
Figures S4A, B). We also isolated gd T cells from tumors treated
with low-dose or high-dose VEGFR2-TKI and then cocultured
them indirectly with naive neutrophils in a transwell chamber.
The gd T cells from low dose group could effectively promote the
maturation of neutrophils and the secretion of ROS, while the gd
T cells from high-dose group did not have this ability
(Figures 4D, E and Supplementary Figure S4C). To further
demonstrate that neutrophils differ depending on the cytokines
secreted in the tumor, we extracted culture supernatants from
tumor tissues after treatment with different doses for induction
of naive neutrophils, and an anti-IL17A mAb and anti-IFN-g
mAb were given as appropriate. The results showed that the anti-
IL17A mAb could inhibit N2-phenotype induction in
neutrophils mediated by high-dose tumor culture supernatant,
while the anti-IFN-g mAb could induce the transformation of
neutrophils from the N1 phenotype to the N2 phenotype
(Figures 4F, G and Supplementary Figure S4D). The above
results illustrate that low doses of VEGFR2-TKI induce gd T cells
to secrete IFN-g to promote neutrophil differentiation into the
N1 phenotype, while at high-dose VEGFR2-TKI treatment, gd T
cells secrete IL17A to promote neutrophil differentiation into the
N2 phenotype.

High-Dose VEGFR2-TKI Therapy Exhausts
CD8+ T Cells in Tumors
To further clarify the proposed “gd T cells- IL17A- N2
neutrophils- immunosuppression” hypothesis, we examined
functional changes in T cells in the tumor microenvironment.
The proportion of CD3+ T cells was independent of the
therapeutic dose (Figure 5A). However, the CD4/CD8 ratio
changed markedly, which was reflected by a significant
decrease in the number of CD8+ T cells after high-dose
treatment (Figure 5B). Further tests showed that PD-1
Frontiers in Immunology | www.frontiersin.org 944
expression was increased on CD8+ T cells after high-dose
treatment (Figure 5C). We also detected PD-L1 expression on
tumor cells and found that it did not change with the different
VEGFR2-TKI doses (Supplementary Figures S5A, B),
indicating that the PD-1 expression on CD8+ T cells was
upregulated for other reasons.

Exhaustion of CD8+ T Cells Is Attributed to
Neutrophils After High-Dose VEGFR2-TKI
Therapy
It has been suggested that N2 neutrophils play an
immunosuppressive role in the tumor microenvironment (36).
Therefore, we examined the key molecules reported to play
immunosuppressive function of N2 neutrophils, including
Arginase, NO and PGE2, and found that PGE2 significantly
increased in the high-dose treatment group, which may be the
mechanism of immunosuppressive function (Supplementary
Figure S6A). We cocultured neutrophils from tumors treated
with different doses of VEGFR2-TKI with naive CD8+ T cells and
found that only the neutrophils from the high-dose treatment
group had immunosuppressive effects and significantly
upregulated PD-1 expression on the CD8+ T cel ls
(Supplementary Figures S6A, B). Furthermore, changes in the
proportion and function of CD8+ T cells were not affected by gd
T cells in tumors treated with different therapeutic doses
(Supplementary Figures S6B, C) or by the dose of VEGFR2-
TKI (Supplementary Figures S6D, E). Therefore, we
hypothesized that the drug resistance observed with high-dose
VEGFR2-TKI treatment was due to the secretion of IL17A by gd
T cells, polarizing neutrophils into the N2 phenotype. N2
neutrophils play an immunosuppressive role, which reduces
the number of CD8+ T cells and increases the expression level
of PD-1, leading to the progression of breast cancer. In order to
confirm the hypothesis, we designed co-culture system in vitro
(Supplementary Figure S6C). We found that tumor-infiltrating
gdT cells in the high-dose treatment group can only exert
immunosuppressive effects in the presence of neutrophils, and
this effect can be antagonized by IL17A mAb (Figures 6D, E).

Combination With a mAb Can
Restore the Efficacy of High-Dose
VEGFR2-TKI Therapy
To corroborate our pathway hypothesis, in 4T1 orthotopic breast
cancer mice model, VEGFR2-TKI was treated alone or in
combination with multiple immunotherapy, including an anti-
IL17A mAb, anti-PD-1 mAb and anti-Ly6G mAb. Anti-Ly6G
mAb can remove neutrophils from mouse body (Supplementary
Figure S7A). We found that mAb combination was effective,
especially in the anti-IL17A mAb group (Figure 7A and
Supplementary Figure S7B). Notably, application of the anti-
IL17A mAb, anti-PD-1 mAb or anti-Ly6G mAb alone may not
be sufficient for tumor growth inhibition. What’s more,
VEGFR2-TKI in combination with immunotherapy was seen
to reduce lung metastasis (Supplementary Figure S7C),
although it cannot be ruled out that it is affected by the
reduction of primary tumor burden. More importantly,
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FIGURE 4 | High-dose VEGFR2-TKI therapy facilitates N2-like neutrophils by IL17A-producing gdT cells. (A) Flow cytometry analysis of the percentage of
neutrophils (CD45+CD11b+Ly-6G+) in the tumor after VEGFR2-TKI therapy. (B) Giemsa-stained neutrophils from the tumor after VEGFR2-TKI therapy in vivo. Bar=5
mm. (C) Reactive oxygen species (ROS) production of neutrophils in the tumor after VEGFR2-TKI therapy in vivo. (D, E) Representative images of Giemsa nuclear
morphology analysis (D) and Frequency of ROS expression (E) of naive bone marrow (BM)-derived neutrophils, which were co-cultured with gdT cells sorted from
tumors after different dose of VEGFR2-TKI therapy. Bar=20 mm. (F, G) Representative images of Giemsa nuclear morphology analysis (F) and MFI of ROS
expression by flow cytometry analysis (G) in BM-derived neutrophils co-cultured with different tumor culture supernatants after VEGFR2-TKI therapy and (or) IL17
mAb or IFN-g mAb added in vitro. Bar=10 mm. Data are presented as the means ± SD from one representative experiment. Similar results were obtained from three
independent experiments, n=4 mice each group, unless indicated otherwise. Statistical analysis was performed by two-tailed unpaired Student’s t test (A–E) and
one-way ANOVA (F, G). ns, not significant, *p < 0.05, **p < 0.01, and ***p < 0.001. See also Supplementary Figure S4.
Frontiers in Immunology | www.frontiersin.org October 2021 | Volume 12 | Article 6994781045

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. Immunosuppression Microenvironment and Anti-VEGFR2 Therapy
VEGFR2-TKI combined with the anti-IL17A mAb and anti-
Ly6G mAb restored the percentage of CD8+ T cells and
effectively reduced the expression of PD-1 (Figures 7B, C). In
addition, the anti-IL17A mAb restored the ROS production of
neutrophils in the tumor (Figure 7D). In general, high-dose of
VEGFR2-TKI therapy combined with immunotherapy can
relieve tumor drug resistance induced by high-dose therapy
and is closely associated with gdT cells-IL17-neutrophils.
DISCUSSION

In orthotopic breast cancer models of 4T1 and EMT6 and the
MMTV-PyMT model of spontaneous breast cancer, high-dose
anti-VEGFR2 treatment was found to cause resistance to
VEGFR2 monoclonal antibody and VEGFR2-TKI. We
determined that intratumoral gd T cells and neutrophils are
Frontiers in Immunology | www.frontiersin.org 1146
involved in driving responsiveness and resistance to
antiangiogenic therapy with a VEGFR2-TKI therapy. High-
dose VEGFR2-TKI treatment induced IL17A production by
tumor-infiltrating gd T cells through the VEGFR1-PI3K-AKT
pathway, while IL17A promoted “N2” neutrophil polarization,
driving immunosuppression and conferring resistance to anti-
VEGFR2 treatment (Figure 8).

VEGFR2 is widely expressed in blood vessels, especially
tumor microvessels. Furthermore, VEGFR2 has been detected
on various types of immune cells, such as macrophages, T cells
and dendritic cells (37). It is an effective therapeutic target for
tumor angiogenesis, but drug resistance caused by high-dose
treatment is the current limitation of clinical treatment. Our
study found that VEGFR2 expression was higher in T cells than
in myeloid cells. Previous studies revealed that regulatory T cells
(Tregs) are the most common VEGFR2-expressing T cells (38).
However, T cells can be classified by T cell receptors (TCRs) into
A

B

C

FIGURE 5 | High-dose VEGFR2-TKI therapy exhausts CD8+ T cells in the tumor. (A) Flow cytometry analysis of immune cells (CD45+) and T cells (CD45+CD3+) in
the tumor after VEGFR2-TKI therapy. (B) Frequency of CD4+ T cells (CD45+CD3+CD4+) and CD8+ T cells (CD45+CD3+CD8+) in the tumor. (C) Frequency of PD-1
expression on CD8+ T cells in the tumor after VEGFR2-TKI therapy. Data are presented as the means ± SD from one representative experiment. Similar results were
obtained from three independent experiments, n=4 mice each group, unless indicated otherwise. Statistical analysis was performed by two-tailed unpaired Student’s
t test, ns, not significant, *p < 0.05, **p < 0.01, and ***p < 0.001. See also Supplementary Figure S5.
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FIGURE 6 | The exhaustion of CD8+ T cells is attributed to neutrophils after high-dose VEGFR2-TKI therapy. (A, B) Quantification of proliferation of CD8+ T cells
(CFSElowCD8+) (A) and PD-1 expression on CD8+ T cells (B) after co-culture with different groups of neutrophils sorted from the tumor after VEGFR2-TKI therapy.
CD8+ T cells were derived from naive spleens. (C) Schematic illustration of CD8+ T cells and neutrophils indirect co-cultrured with high dose of gdT cells sorted from
the tumor after VEGFR2-TKI therapy shown in 6D and 6E. CD8+ T cells were derived from naive spleens. Neutrophils were derived from bone marrow. Transwell
chamber=0.4mm. (D, E) Quantification of PD-1 expression on CD8+ T cells (D) and proliferation of CD8+ T cells (CFSElowCD8+) (E) after co-cultured with neutrophils
and high dose of gdT cells sorted from the tumor after VEGFR2-TKI therapy shown in 6C. Data are presented as the means ± SD from one representative
experiment. Similar results were obtained from three independent experiments, n=4 mice each group, unless indicated otherwise. Statistical analysis was performed
by one-way ANOVA. **p < 0.01, and ***p < 0.001. See also Supplementary Figure S6.
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structural subsets, including ab and gd T cells (39). In the mouse
breast cancer model, gd T cells exhibited the highest VEGFR2
expression among all immune cells, implying that anti-VEGFR2
therapy may influence the function of gd T cells. Nevertheless,
the role of gd T cells has not been studied in anti-VEGFR2 therapy
resistance. Furthermore, we found that gd T cells polarized into
Frontiers in Immunology | www.frontiersin.org 1348
cytotoxic IFN-g-producing subsets in “response” phases, while in
“relapse” phases, gd T cells polarized into suppressive IL17A-
producing subsets. Further study found that, in “relapse” phases,
mobilized VEGFR1 activated the PI3K-AKT pathway and then
elicited IL17A secretion despite VEGFR2 inhibition. These results
suggest that the PI3K-AKT pathway is likely to be the switch for
A

B

C

D

FIGURE 7 | Combination with immunotherapeutic monoclonal antibody can rescue high-dose VEGFR2-TKI therapy. (A) Representative weight of primary tumor and
spleen after high-dose VEGFR2-TKI therapy and(or) IL17A mAb, PD-1 mAb or Ly6G mAb. (B) Frequency of CD4+ T cells and CD8+ T cells in the tumor after high-
dose VEGFR2-TKI therapy and(or) IL17A mAb or Ly6G mAb. (C) Frequency of PD-1 expression on CD8+ T cells in the tumor after high-dose VEGFR2-TKI therapy
and(or) IL17A mAb or Ly6G mAb. (D) The expression of ROS in neutrophils after high-dose VEGFR2-TKI therapy and (or) IL17A mAb. Data are presented as the
means ± SD from one representative experiment. Similar results were obtained from three independent experiments, n=5 mice each group, unless indicated
otherwise. Statistical analysis was performed by two-tailed unpaired Student’s t test (D) and one-way ANOVA (A–C). ns, not significant, *p < 0.05, **p < 0.01, and
***p < 0.001. See also Supplementary Figure S7.
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conversion among gdTcell subsets, and theupregulationofVEGFR1
in gd T cells may exert major drug resistance in breast cancer.

Studies have reported that myeloid cells, including
monocytes, macrophages and neutrophils, play a key role in
the tumor microenvironment and promote tumor growth and
metastasis (40). Myeloid cells promote tumor angiogenesis and
are also involved in responsiveness and resistance to
antiangiogenic therapy (25, 41). Anti-VEGF therapy facilitates
Ly6Clo monocyte infiltration via the CX3CL1-CX3CR1 pathway,
and CX3CR1+Ly6Clo monocytes create an immunosuppressive
microenvironment that mediates resistance to antiangiogenic
Frontiers in Immunology | www.frontiersin.org 1449
therapy (42). Previous study showed that anti- VEGFR2
treatment resistance is concerned with the accumulated
myeloid-derived suppressor cells recruited by GM-CSF in
ovarian cancer (43). Other studies have also found that
macrophages actively contribute to resistance to antiangiogenic
therapy in ovarian cancer (44). Considering quite different
component of tumor microenvironment among diverse tumor
types, and the role of neutrophils in conferring resistance to
antiangiogenic therapy never been studied, the mechanism of
antiangiogenic therapy resistance in breast cancer needs to be
studied in depth.
FIGURE 8 | An overview schematic demonstrating that high-dose anti-VEGFR2 treatment modifies the tumor immunosuppression microenvironment via “gdT cell-
IL17A-neutrophil” axis.
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Fridlender’s study verified that tumor-associated neutrophils
are a heterogeneous set of immune cells, which can be classified
as antitumorigenic (the “N1” phenotype) or protumorigenic (the
“N2” phenotype) (35). N1 neutrophils exert antitumor activities
by secreting more immunoactivating cytokines, producing more
ROS and expressing lower levels of arginase, while N2
neutrophils play an immunosuppressive role. We found that
neutrophils in “response” phases had a mature neutrophil-like
morphology and “N1” function, while in “relapse” phases,
neutrophils had an immature neutrophil-like morphology and
“N2” function.

In the tumor microenvironment, immune cells undergo
dramatic phenotypic changes induced by various stimuli and
exhibit different functions (45). In our study, IL17A induced
neutrophil N2 polarization, and nuclear morphological analysis
revealed characteristics of immature neutrophils. A recent study
demonstrated that IL17A-producing gd T cells can polarize
neutrophils into an immunosuppressive phenotype.
Unfortunately, we did not find a specific surface marker for N1/
N2conversion fromtheanti-VEGFR2therapy resistancemodels, as
only morphological and immunosuppressive functions are
involved. Further experiments, especially single-cell sequencing,
are needed to focus on the effect of IL17A and IFN-g on
neutrophil phenotypes.

Our findings implied that immunosuppression, rather than
angiogenesis, in the breast cancermicroenvironment is the crucial
mechanism conferring resistance to anti-VEGFR2 therapy
exerted by gdT cells and neutrophils. Previous studies have
shown that combining antiangiogenic therapy with
immunotherapies has potential translational significance for
cancer therapy (46). Moreover, most studies suggest low doses
of anti-VEGFR2 therapy can induce vascular normalization and
improve antitumor immunity, and improve immunotherapeutic
efficacy (22, 47). But, according to the “therapy window” of
vascular normalization, the low dose and treatment duration is
difficult in clinical practice (46). Indeed, the therapeutic dose of
anti-VEGFR2 drug currently applied in the clinic is often
considered as a full or high dose. The clinical trials, like
KEYNOTE-426 and IMbrave 150, found that full or high dose
anti-VEGFR2 therapy plus PD-1 inhibitor significantly longer
survival in some tumor types, which implied that high dose anti-
VEGFR2 therapy closely related to the inhibitory immune
microenvironment (48, 49). Our data also provide compelling
evidence for optimized therapeutic strategies, when high-dose
anti-VEGFR2 monotherapy evolve resistance. By remodeling
inhibitory immune microenvironment via targeting the multiple
points of “gdT cell-IL17A-neutrophil” axis (such as an anti-IL17
mAb), which can resensitize resistant tumors to antiangiogenic
therapy and generate relatively durable effects. The mechanism of
resistance caused by changes in the immune microenvironment
provided by our research provides a possible solution for resistance
to anti-vascular therapy, that is, while paying attention to the anti-
vascular effect, the immune microenvironment should also be paid
attention to, besides, combining with high-dose anti-vascular
therapy and immunotherapy may provide new strategy for
therapy in breast cancer treatment.
Frontiers in Immunology | www.frontiersin.org 1550
CONCLUSION

Our study provides a novel rationale for the immunomodulatory
effects involved in anti-VEGFR2 therapy, like VEGFR2-TKI
antiangiogenic therapy. VEGFR2-TKI can directly act on gd T
cells and increase the inhibitory effects of N2-like neutrophils on T
cell function in the tumor microenvironment, providing potential
antitumor strategies in aggressive breast cancer. It will be
important to perform clinical trials to test the usefulness of anti-
VEGFR2 therapy combined with immunotherapy.
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Supplementary Figure S1 | related to Figure 1. (A) Schematic illustration of
VEGFR2-TKI and VEGFR2 mAb of different therapeutic doses in 4T1 and EMT6
breast cancer models. i.g., intragastric administration. i.p., intraperitoneal injection.
(B) Immunofluorescence of CD31 on breast cancer tissue after anti-VEGFR2
therapy in EMT6model. Bar=200 mm. Green, CD31; blue, DAPI. (C) Analysis weight
of spleens after different doses of anti-VEGFR2 therapy in 4T1 and EMT6 models.
(D) Tumor growth curve of 4T1 and EMT6 breast cancer tissue after anti-VEGFR2
therapy. Data are presented as the means ± SD from one representative
experiment. Similar results were obtained from three independent experiments, n=4
mice each group, unless indicated otherwise. Statistical analysis was performed by
one-way ANOVA (C) and repeated-measures ANOVA (D). ns, not significant,
*p<0.05, **p<0.01, and ***p<0.001.

Supplementary Figure S2 | related to Figure 1 and Figure 2. (A, B) Schematic
illustration (A) and anatomy results (B) for anti-VEGFR2 treatment in the MMTV-PyMT
breast cancer model. i.g., intragastric administration. i.p., intraperitoneal injection. (C)
Flowcytometrygatestrategyof tumor-infiltratingmyeloidcelland lymphocytedetection.
Data are presented as the means ± SD from one representative experiment. Similar
results were obtained from three independent experiments, n=4 mice each group,
unless indicated otherwise. Statistical analysis was performedby one-way ANOVA (B).
ns, not significant, *p<0.05, **p<0.01, and ***p<0.001.

Supplementary Figure S3 | related to Figure 3. (A, B) Flow cytometry analysis
of VEGFR2 (A) and VEGFR3 (B) expression of gdT cells (CD45+CD3+TCRgd+) in
tumors after different dose of VEGFR2-TKI therapies. (C) Flow cytometry analysis of
VEGFR2 expression of gdT cells derived from naive spleens treated with different
doses of VEGFR2-TKI in vitro. (D)Western blot analysis of PI3K/actin and AKT/actin
in gd T cells from tumors with different dose of VEGFR2-TKI therapies (gdT cells were
sorted from 4 tumors as one donor). (E) Western blot analysis of PI3K/actin and
AKT/atin in gd T cells derived from naive spleens treated with different doses of
VEGFR2-TKI in vitro (gd T cells were sorted from 9 naive spleens as one donor). (F)
Schematic illustration of VEGFR2-TKI of different therapeutic doses combined with
YS-49 (PI3K agoist) and Copanlisib (PI3K inhibitor) in 4T1 breast cancer models.
i.g., intragastric administration. i.p., intraperitoneal injection. Qd, once a day. Qod
once every other one day. (G) Flow cytometry analysis of IL17 expression of gdT
cells derived from naive spleens treated with different doses of YS-49 in vitro. Data
are presented as the means ± SD from one representative experiment. Similar
results were obtained from three independent experiments, n=4 mice each group,
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unless indicated otherwise. Statistical analysis was performed by one-way ANOVA.
ns, not significant, *p<0.05, **p<0.01, and ***p<0.001.

Supplementary Figure S4 | related to Figure 4. (A) Giemsa-stained naive BM-
derived neutrophils treated with different concentrations of VEGFR2-TKI in vitro.
(B) Flow cytometry analysis of ROS expression of neutrophils treated with different
concentrations of VEGFR2-TKI in vitro. (C) Giemsa-stained naive BM-derived
neutrophils without any treatment. (D) Giemsa-stained neutrophils treated with or
without IL17A mAb or IFN-gmAb. Data are presented as the means ± SD from one
representative experiment. Similar results were obtained from three independent
experiments, n=4 mice each group, unless indicated otherwise. Statistical analysis
was performed by one-way ANOVA. ns, not significant, *p<0.05, **p<0.01, and
***p<0.001.

Supplementary Figure S5 | related to Figure 5. (A) Flow cytometry gating
strategy of tumor cells. (B) Frequency of PD-L1 expression on tumor cells (CD45-

EpCAM+) in the tumor after VEGFR2-TKI therapy. Data are presented as the means ±
SD from one representative experiment. Similar results were obtained from three
independent experiments, n=4 mice each group, unless indicated otherwise.
Statistical analysis was performed by one-way ANOVA. ns, not significant, *p<0.05,
**p<0.01, and ***p<0.001.

Supplementary Figure S6 | related to Figure 6. (A) Compared biochemical
parameters associated with immunosuppressive characterization of neutrophils
including arginase (Functional kit), NO (Content detection kit) and PGE2 (ELISA) in
tumor-infiltrating neutrophils after different dose of VEGFR2-TKI therapies. (B, C)
Flow cytometry analysis of proliferation (B) and PD-1 expression (C) of CD8+ T cells
after co-culturing with the different group of gdT cells sorting from the tumor after
VEGFR2-TKI therapy. CD8+ T cells were derived from naive spleen. (D, E) Flow
cytometry analysis of proliferation of CD8+ T cells (CFSElowCD8+) (D) and PD-1
expression of CD8+ T cells (E) treated with different concentrations of VEGFR2-TKI
in vitro. Data are presented as the means ± SD from one representative experiment.
Similar results were obtained from three independent experiments, n=4 mice each
group, unless indicated otherwise. Statistical analysis was performed by one-way
ANOVA. ns, not significant, *p<0.05, **p<0.01, and ***p<0.001.

Supplementary Figure S7 | related to Figure 7. (A) Flow cytometry analysis of
neutrophils in the PB of the 4T1 model treated with Ly-6G mAb. (B) Representative
of primary tumor after high-dose VEGFR2-TKI therapy and(or) IL17A mAb, PD-1
mAb or Ly6GmAb. (C)H&E staining and quantification of lung metastasis in the 4T1
model (Black arrow) after multiple treatments. Bar=1 mm. Data are presented as the
means ± SD from one representative experiment. Similar results were obtained from
three independent experiments, n=4 mice each group, unless indicated otherwise.
Statistical analysis was performed by one-way ANOVA. ns, not significant, *p<0.05,
**p<0.01, and ***p<0.001.
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Despite the outstanding results of treatment using autologous chimeric antigen receptor T
cells (CAR-T cells) in hematological malignancies, this approach is endowed with several
constraints. In particular, profound lymphopenia in some patients and the inability to
manufacture products with predefined properties or set of cryopreserved batches of cells
directed to different antigens in advance. Allogeneic CAR-T cells have the potential to
address these issues but they can cause life-threatening graft-versus-host disease or
have shorter persistence due to elimination by the host immune system. Novel strategies
to create an “off the shelf” allogeneic product that would circumvent these limitations are
an extensive area of research. Here we review CAR-T cell products pioneering an
allogeneic approach in clinical trials.

Keywords: chimeric, allogeneic, clinical, trials, GvHD, receptor, T cell, CAR (chimeric antigen receptor)
1 INTRODUCTION

Recently, therapy using chimeric antigen receptor T cells (CAR-T cells) has emerged as a powerful
tool for patients with certain subtypes of B-cell lymphoma and leukemia. CAR-T cells are designed
to selectively target a predefined tumor-associated antigen. This is achieved by the expression of a
chimeric antigen receptor (CAR) on the surface of immune cells, typically T cells or natural killer
(NK) cells (1).

CARs are composed of an antigen-binding domain (e.g., a single-chain variable fragment (scFv)
derived from a monoclonal antibody) and a signaling domain (e.g., the intracellular portion of the
cluster of differentiation (CD)3z subunit of the T-cell receptor) that are linked together via a
transmembrane and an optional hinge domain. This design allows for major histocompatibility
org December 2021 | Volume 12 | Article 780145154
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complex (MHC) molecule-independent antigen binding, which
launches downstream signaling events culminating in a cytotoxic
response and destruction of the target cell (2). Second- and third
generation CAR-T cells carry additional co-stimulatory domains
such as those derived from CD28 or 4-1BB (3). For instance,
recent studies have shown that CAR-T cells with a CD28
costimulatory domain exhibit rapid activation of CAR-T cells
followed by exhaustion (4, 5). By contrast, incorporation of a 4-
1BB-based co-stimulatory domain ensures prolonged endurance
of CAR-T cells by diminishing expression of exhaustion-related
genes (6), which enhances the capacity for oxidative metabolism
and central memory differentiation (7). However, large-cohort
clinical data have demonstrated that CAR-T cells with CD28 or
4-1BB costimulatory domains can mediate long-lasting
remission and have shown comparable results against B cell
lymphomas (8, 9) and acute lymphoblastic leukemia (10–13).
Considering many differences except from co-stimulatory
domains in trials performed up to date (8–10, 12, 14), an
additional trial could clarify the possible superiority of CD28
or 4-1BB domains.

More advanced designs of “armored” CAR-T cells have been
developed to modify the immunosuppressive tumor
microenvironment, and also to enhance T-cell functioning/
trafficking and ameliorate CAR-T cell-associated toxicities (15,
16). For instance, interleukin (IL)-7 has been shown to play an
essential part in the antigen-driven expansion of naive and
activated T cell populations (17) whereas C–C motif chemokine
ligand CCL21 is a chemokine implicated in attracting naive T cells
and antigen-presenting cells, and coordinating their interaction
and consequent tumor antigen-specific immune response (18).
The co-expression of IL-7 and CCL21 along with a CAR has led to
significant improvement in the proliferation of CAR-T cells in
vitro and boosted therapeutic activity in vivo (18). Antigen-driven
signaling via second- and third-generation CARs has been
described to induce proliferation of CAR-T cells. Excessive
immune stimulation, however, can manifest as increased serum
levels of cytokines such as IL-6, interferon-g, and tumor necrosis
factor (TNF). This action may lead to uncontrolled systemic
inflammation, and is one of the most frequent side-effects of
CAR-T cell therapy, referred to as “cytokine release syndrome”
(CRS) (19). The second common adverse effect of therapy using
CAR-T cells is known as an “immune effector cell-associated
neurotoxicity syndrome” (ICANS), which results from increased
cytokine levels and their penetration across the blood–brain
barrier (20).

In patients with hematological malignancies, most clinical
trials have focused on an autologous approach that utilizes T
cells isolated from the patient’s peripheral blood. However, in
spite of remarkable clinical outcomes (10, 21, 22), this strategy is
endowed with several important limitations, namely, very high
treatment costs and individual manufacturing processes (23) with
possible issues (24–27), reaching 9% in Kymriah pivotal trial (28).
Despite comparable time burdens of autologous and allogeneic
manufacturing processes, the key difference is that allogeneic
CAR-T cells represent an “off the shelf product” that can be
administered without delay, which is very important for patients
Frontiers in Immunology | www.frontiersin.org 255
with highly proliferative diseases such as acute leukemia. In
addition, T-cell dysfunction and a reduction in the number of
naive and central memory T-cell subsets due to chemotherapy
(29) or the tumor microenvironment (30) impair ex vivo
expansion and the persistence of autologous CAR-T cells (31, 32).

CAR-T cells produced from the material of allogeneic donors
have three main advantages compared with therapies using
autologous CAR-T cells. First, allogeneic CAR-T cells can be
produced in advance and delivered without delay according to
the established treatment program of the individual patient.
Second, allogeneic donor-derived T cells are not exposed to
multiple rounds of anti-leukemia therapy, so they are more
amenable to ex vivo manipulation (33). Third, products based
on autologous CAR-T cells cannot be manufactured 3 for some
patients because of their profound lymphopenia, which is not an
issue with products based on allogeneic CAR-T cells.

Despite the numerous advantages of therapy using allogeneic
CAR-T cells, this technology comes with twomajor disadvantages.
First, the recipient’s cells appear “foreign” to the native T cell
receptors (TCRs) of the administered CAR-T cells, which may
induce their activation and result in acute graft-versus-host disease
(GvHD). Second, CAR-T cells are foreign to the host immune
system, which may cause their rapid elimination from the
circulation, and a lack of durable persistence of CAR-T cells in
turn has been demonstrated to be associated with poor patient
responses in an autologous setting (34).

T cells used for the manufacture of allogeneic CAR-T cells are
derived mainly from peripheral blood mononuclear cells,
particularly cells that have a TCR consisting of an a and b
chain (ab T cell subsets), which constitute ~90% of circulating T
cells in healthy donors (35). On the one hand, due to their relative
abundance in peripheral blood and ability to proliferate rapidly,
ab T cells represent an attractive target for the manufacture of
allogeneic CAR-T cells. On the other hand, this subset of cells has
been shown to play a major part in the pathogenesis of acute and
chronic GvHD due to an inherent immunologic mismatch
between the patient and donor. In autologous settings, the T
cells of patients that undergo negative selection in the thymus are
used, thereby comprising a population that is non-responsive to
self-peptides in a complex with MHC-I molecules (36). By
contrast, in allogeneic settings, the administered cells can
recognize healthy recipient’s tissues via TCRs in an MHC
molecule-dependent manner, with subsequent induction of
apoptosis of healthy cells and GvHD manifestation (37–39).

The manufacturing processes of allogeneic CAR-T cells
comprise all the production steps of the autologous products
that have been reviewed elsewhere (40) with additional, more
sophisticated gene-editing steps that will not be discussed in
detail here. Turtle et al. pointed out that the defined ratio of
CD8+ and CD4+ T-cell subsets is essential for the in vivo
expansion and persistence of CAR-T cells (41). However,
CAR-T cells so far have been administered in both defined
(41) and undefined (10, 21, 22) CD4/8 ratios without any loss
of efficacy. In an autologous setting, the endurance and efficacy of
CAR-T cells have been found to correlate with the numbers of
less differentiated CD8+ and CD4+ T-cell subsets in the final
December 2021 | Volume 12 | Article 780145
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product (42). In particular, Xu et al. (43) discovered that the
expansion of CD19-redirected T cells was dependent upon the
frequency of CD8+CD45RA+CCR7+ subsets corresponding to
stem cell-like memory and naive T-cell phenotypes. Conversely,
patients after previous lines of therapy often suffer from
lymphopenia and have higher quantities of effector memory T
cells (42): an allogeneic approach could circumvent this issue
because the cells are derived from the peripheral blood
mononuclear cells of a healthy donor. In addition, in
autologous and allogeneic settings, the number of T cells can
be amplified in more defined subsets via modulation of the
culture conditions. Yang et al. showed that supplementing media
with IL-15 and IL-7 during ex vivo expansion increased the
number of naive T cells (43).

Herein, we review relevant clinical data on the use of therapies
based on allogeneic CAR-T cells. We discuss the outcomes of
strategies aiming to mitigate GvHD and also the other side-
effects associated with therapy using allogeneic CAR-T cells
described in recent clinical trials.
2 SOURCES OF ALLOGENEIC CAR-T CELLS

Building upon clinical experience, the ability of allogeneic CAR-
T cells to eliminate tumor cells is dependent upon the initial
Frontiers in Immunology | www.frontiersin.org 356
expansion, duration of persistence, absence of GvHD and also on
the ability of the host immune system to reject these cells. When
devising strategies for administering allogeneic CAR-T cells,
different approaches to reduce the risk of GvHD (e.g., selection
of T-cell subsets, use of virus-specific memory T cells or gene
editing) could be implemented.

2.1 Genetically Modified ab T Cells
In addition to the introduction of the “CAR-encoding cassette”
most commonly delivered by lentiviral and gamma-retroviral
vectors (44), we can distinguish two major types of T-cell genetic
modifications to obtain allogeneic CAR-T cells with a reduced
risk of GvHD and alloimmunization (Figure 1).

2.1.1 Disruption of TCRs
The first modification aimed to limit GvHD is the disruption of
TCRs. This can be undertaken in three distinct ways: expression of
the inhibitory protein(s); by knockout (KO) of the genes encoding
TCR chains with site-specific nucleases such as transcription
activator-like effector nucleases (TALENS) or clustered regularly
interspaced short palindromic repeats/CRISPR associatedprotein 9
(CRISPR/Cas9); and by short hairpin (sh)RNA-mediated silencing
of transcribed messenger (m)RNA.

For instance, the very first technology utilized to remove
abTCR expression was based on TALENs targeting the T cell
A B C

FIGURE 1 | Genetic modifications of allogeneic CAR-T cells. (A) Lentiviral transduction of allogeneic T cells with a CAR. Donor CAR-T cells with allogeneic TCRs
administered to a patient causing GvHD. (B) After an additional gene-editing step to disrupt TCR expression, the cells do not cause GvHD but can be eliminated
rapidly by the host immune system. (C) The next gene-editing step abolishes expression of MHC-I molecules, thereby ensuring the prolonged endurance and
persistence of allogeneic CAR-T cells.
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receptor alpha chain TRAC gene (Figure 2A), and efficiency of
TCR elimination of 78% was recorded (45). The CRISPR/Cas9
efficiency of TCR KO was estimated to be 70% by Eyquem and
colleagues (46). The use of zinc finger nucleases (ZFNs) to
disrupt TCRs was first reported by Torikai and coworkers.
Cells with anti-CD19 CAR were electroporated with ZFN
mRNA targeting TCR alpha constant (TRAC) and TRBC,
which abolished TCR signaling in 60 and 20% of cells,
respectively (47). To generate their allogeneic CAR-T cell
product PBCAR019 (particularly via insertion of the gene that
encodes an anti-CD19 CAR into the TRAC locus), Precision
BioSciences (Durham, NC, USA) used the ARCUS platform
based on the engineered I-CreI homing endonuclease with the
Frontiers in Immunology | www.frontiersin.org 457
subsequent step of elimination of residual TCR+ cells. The
engineered I-CreI homing endonuclease has shown 60%
efficiency for TCR elimination previously (48).

Gilham and colleagues developed an approach leveraging a
truncated dominant-negative CD3z protein (TIM). This protein
acts as a competitive inhibitor to the component of TCR-CD3z,
thereby interfering with TCR signaling (Figure 2B) and lowering
the risk of GvHD (49). This approach was also used to disrupt
TCRs in CYAD-101-CAR-T cells that target NKG2D. In vivo
models assessing the efficiency of TCR inhibition showed a
reduction in CD3-mediated stimulation and cytokine secretion
in TIM-transduced T cells as well as no GvHD in mice in
contrast with that in alloreactive control cells.
A

B

C

FIGURE 2 | Three basic strategies to disrupt expression or signaling of TCRs. (A) Abolishing TCR expression by introduction of a double-stranded break in TRAC gene.
(B) Interfering with TCR signaling using a competitive inhibitor of CD3z-TIM8. (C) Leveraging an RNA interference regulatory mechanism to silence mRNA coding for the
CD3z component of the TCR. More specifically, RNase III endonuclease (Dicer) cuts the loop of the introduced shRNA homologous to the target within the CD3z genome.
Furthermore, a guide strand (siRNA) is incorporated in the RNA-induced silencing complex (RISC), with subsequent transcriptional silencing of the target gene.
December 2021 | Volume 12 | Article 780145

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Smirnov et al. Allogeneic CAR-T Cell Clinical Trials
2.1.2 Disruption of MHC-I Molecules
To increase the persistence of allogeneic CAR-T cells, the genetic
abrogation of key mediators of immune rejection, MHC-I
molecules (50), can be considered (Figure 1). This is best
achieved by the disruption of a gene encoding b-microglobulin.
Toricai et al. reported that transient expression of ZFNs specific for
b-microglobulin resulted in the elimination of human leukocyte
antigen (HLA)-A expression in ≤52% of the T-cell population (51).
With a subsequent single round of depletion of HLA-A+ cells with
antibody-coated paramagnetic beads, the fraction of HLA-A− cells
increased up to 95%. Due to concern that cells without MHC-I
molecules could be eliminated by host NK cells, Toricai et al.
validated the approach to prevent NK cell-mediated cytotoxicity
against MHC-I− allogeneic CAR-T cells. They ascertained that
recognition by NK cells could be circumvented by enforced
expression of HLA-E or HLA-G (51). Recently, it was shown that
genetic abrogation of TCRs, as well as MHC-I (b2-microglobulin
KO) and MHC-II (CIITA KO) molecules, ensured prolonged
persistence of allogeneic CAR-T cells compared with that in cells
withonlyTCRKOandMHC-IKOinamousemodelof cancer (52).
AmongallogeneicCAR-T cells products that include the disruption
of the b2m locus alone with abrogation of TCR expression only
CTX110 is at the clinical-trial stage (NCT04035434).

2.1.3 Depletion of abTCR+ Cells
None of the approaches described above remove 100% TCRab
from a cell population. Hence, additional depletion of residual
TCRab+ cells is an essential part of the manufacture of
allogeneic CAR-T cells which, to a large extent, determines the
absence of GvHD and therapy efficacy. The most advanced
approach for eliminating TCRab+ cells is based on the
CliniMACS™ device, which is described in detail elsewhere
(53). In short, after introducing the CAR and TCR elimination,
T cells are incubated first with biotinylated anti-TCRab
antibodies followed by incubation with an anti-biotin antibody
conjugated to magnetic microbeads. Thereafter, residual TCR+
cells are depleted by CliniMACS. Schumm et al. reported a
median 0.00097% of residual TCRab cells after depletion using
CliniMACS (53). Qasim et al. determined 0.7% of cells with
detectable cell-surface TCRs after magnetic bead-mediated
depletion (54).

Alexandre et al. investigated whether the transient expression
of CARs targeting CD3 via mRNA electroporation would result
in depletion of residual TCRab+ cells (55). To accomplish this
goal, the authors first electroporated mRNA that encoded a
TALEN targeting TRAC, followed by electroporation of an
anti-CD3 CAR 49 h later. They observed that the minimum
residual CD3+ TCRab+ population was 0.25%, which is
comparable with results (0.7%) obtained with magnetic bead-
mediated depletion of residual TCRab+ cells (54).

2.1.4 Possible Genotoxicity of Gene-Editing Tools
If elucidating different approaches of genome editing, one should
consider possible off-target events such as insertions, deletions,
and chromosomal translocations (56). TALENs and ZFNs are
dependent upon DNA–protein interactions, which are highly
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specific (57). In contrast, CRISPR/Cas9 is reliant on RNA–DNA
interactions, which permit some mismatches, and therefore, lead
to an increased risk of off-target events (58). However,
Stadtmauer et al. reported chromosomal translocations and
rearrangements after gene editing with CRISPR-Cas9 in a
comparable percentage of cells (4%) as with gene editing using
TALENs (59). They also mentioned that the efficiency and
number of side effects using CRISPR/Cas9 correlated with a
particular single guide (sg)RNA. Thus, optimization in
preclinical evaluations via an accurate selection of suitable
sgRNAs for gene targeting was possible. Hence, off-target
events should be monitored via in silico prediction with
subsequent next-generation sequencing. Furthermore, we could
speculate that, because the number of off-target events correlates
with the number of gene edits, reducing the latter during the
manufacture of CAR-T cells by insertion of a CAR directly into
TRAC or gene silencing via shRNA could be essential to mitigate
possible genotoxicity.

Stadtmauer et al. reported their experience with CRISPR/
Cas9 to enhance antitumor activity in patients receiving
autologous rather than allogeneic T cells engineered by
lentiviral transduction to express cancer-specific (NY-ESO-1)
TCRs (59). That report is interesting in terms of assessment of
safety and possible genotoxicity. In particular, CRISPR/Cas9 was
used to disrupt two genes encoding endogenous TCR chains
(TRAC and TRBC), as well as programmed cell death protein 1.
They reported chromosomal translocations and rearrangements
(that declined in vivo and were at the limit of detection or not
detected depending on the patient 30–170 days after infusion) in
4% of cells, which is similar to that employing genetic editing
using TALENs (54). Off-target mutations were identified for
TRAC sgRNA in chloride intracellular channel-2 (not expressed
in T cells) and for TRBC sgRNA in transcriptional regulator
ZNF609 and LINC00377 (long intergenic non-protein-coding
RNA) (59). They mentioned more durable persistence of
CRISPR-Cas9-edited T cells (up to 9 months) in contrast with
cells that retained expression of the endogenous TCR and PD-1.
A more recent single case of chromosomal abnormality was
reported by Allogene Therapeutics (San Francisco, CA, USA)
that was followed by a clinical hold of phase 2 ALLO-501A trial
by the Food and Drug Administration (FDA) (60). The
manufacturing process of these allogeneic CAR-T cells includes
TALEN-mediated KO of TRAC and CD52 genes. As of October
7, 2021, the investigation is underway to clarify the potential
relationship to gene editing and estimate the evidence of possible
clonal expansion (60).
2.2 CAR-T Cells Based on Virus-Specific
T Cells
Beyond genome-editing methods, one of the strategies to
mitigate GvHD is to use CAR-T cells based on virus-specific T
cells that combine the profound anti-tumor activity of the CAR
and reduced risk of GvHD. GvHD risk corresponds to TCR
diversity, therefore GvHD absence after infusion of virus-specific
memory T cells is likely to be due to the restricted repertoire of
TCRs in virus-specific memory T cells (61). For instance, the
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peptide GLCTLVAML is one of the most immunogenic T cell
targets derived from the Epstein–Barr virus (EBV). Hence, T cell
subsets with TCRa and b chains that specifically recognize this
antigen on MHC complexes could be used in allogeneic settings
without additional gene-editing steps to disrupt TCR expression.
One of the possible caveats of this strategy could be the initial low
numbers of virus-specific memory T cells. In peripheral blood
during latent infection with EBV, T cells specific for this peptide
constitute 0.5–2.2% of total CD8+ T cells (62).

2.3 gd T Cells
Donor-derived ab T cells recognize antigen bound to MHC
molecules. Donor-derived gd T cells recognize multiple tumor
antigens by utilizing their innate receptors in an MHC molecule
independent manner, and could be applied in an allogeneic
setting without TCR elimination. Moreover, upon activation,
they can, in turn, exert a further adaptive immune response by
facilitating the function of other immune cells. Rozenbaum et al.
investigated the possible use of donor-derived gd T cells as the
carriers of the CAR for the production of allogeneic CAR-T cells
(63). They hypothesized that, in addition to functioning across
MHC molecule-barriers without causing GvHD, gd T cells could
overcome the major issue of therapy using CAR-T cells: the loss
of antigen on cancer cells. They reported encouraging results
showing that, in addition to in vivo activity against tumor CD19+
cells, gd CAR-T cells utilizing various surface receptors exhibited
in vitro activity against CD19− clones (63). The Vg9Vd2 T-cell
subset prevailing among gd-T cells constitutes 2–4% of T cells in
peripheral blood. Efficient expansion of this cell subset has been
devised (64, 65). A phase-I clinical trial in 132 patients with late-
stage cancer showed the feasibility and clinical safety of
allogeneic Vg9Vd2 T cells (65). Hence, gd T cells could be
candidates for cellular tumor immunotherapy for metastatic
and progressive solid malignancies that can address the
tumor microenvironment.

2.4 Induced Pluripotent Stem Cells (iPSCs)
as a Source for Allogeneic CAR-T Cells
Another option validated by Themeli et al. relies on the
production of CAR-T cells from iPSCs (66). Briefly, the authors
generated iPSCs from peripheral-blood T lymphocytes by
transduction with retroviral vectors encoding reprogramming
factors. Thereafter, multiple iPSC clones were screened to select
the clone that was subsequently transduced with a lentiviral vector
encoding an anti-CD19 CAR. Upon differentiation into a T-
lymphoid lineage, the authors detected TCRab+ cells harboring
the same rearrangements in TCRb and g chains as in the parental
clone. The CAR-T cells of this origin are generated from one
clonal pluripotent cell line, so we can conclude that they are
phenotypically defined. To better describe the phenotype of iPSC-
derived CAR-T cells, the authors turned to microarray analysis of
gene expression and uncovered that the CAR-T cells generated
from iPSCs resembled those in peripheral-blood gd T cells (66).
The authors also pointed out lower levels of CAR expression and
shorter survival in an immunodeficient xenograft mouse model
than those in CAR-T cells derived from the TCRab subset in
peripheral blood (66). By contrast, more recent in vivo results in a
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disseminated xenograft model of lymphoblastic leukemia of
FT819 (an anti-CD19 CAR-T-cell product derived from a clonal
engineered iPSC line by insertion of genes encoding for novel 1XX
CAR into the TRAC locus) showed enhanced clearance of tumor
as compared with that in control anti-CD19 cells (67). Signal
transduction by TCRs is initiated by phosphorylation of conserved
immunoreceptor tyrosine-based activation motifs (68), and strong
activation of T cells can drive exhaustion (69). Feucht et al.
investigated whether the impaired redundancy of CD28 and
CD3z signaling enhanced the therapeutic properties of CAR-T
cells. They estimated that mutation in the 1XX tyrosine residue
that impedes phosphorylation and downstream signaling
increases persistence and extends the effector function of T cells
(70). TFT819 was generated from a single clonal line with the bi-
allelic disruption of TCRs with a minimum likelihood of GvHD.
Functional assessment of FT819 showed potent cytolytic activity
against leukemia and lymphoma lines and the inability to produce
GvHD (67). However, the efficacy of FT819 warrants further
clinical investigation that is being initiated by Fate Therapeutics
(La Jolla, CA, USA) for patients with relapsed/refractory (r/r) B-
cell malignancies (71). Overall iPSCs derived from CAR-T cells,
despite some limitations, hold the potential of uniform and mass-
produced CAR-T cells.

2.5 NK-92 Cell Line
Given the success of therapies using CAR-T cells for
hematological malignancies, many researchers have sought to
develop CAR-engineered NK cells. In contrast to CAR-T cells,
CAR-NK cells cause minimal CRS or ICANS in autologous
settings (72). However, there are technical challenges to obtain
them because NK cells represent only ~10% of lymphocytes. In
addition, in autologous settings, the function of NK cells can be
impaired in patients with malignant disorders. Specifically,
tumors employ upregulation of inhibitory ligands such as
MHC-I molecules (HLA-G, HLA-E, and HLA-ABC) (73).
Similarly, an immunosuppressive cancer microenvironment
comprising regulatory T cells and myeloid-derived suppressor
cells could decrease expression of activating receptors such as
NKG2D and enhance expression of inhibitory receptors
(NKG2A), thereby restricting the cytotoxicity of NK cells (74).
Furthermore, autologous NK cells are functionally silenced upon
encountering a self-MHC antigen. Conversely, blood-derived
NK cells can carry the risk of GvHD in allogeneic settings
because they may contain contaminating T cells (75). In this
context, a clonal immortalized cell line from a patient with NK-
cell lymphoma (NK-92) that could be expanded in the presence
of IL-2 appears as a valuable alternative.

There are three main reasons why CAR-expressing NK cell
lines such as NK-92 are of interest as allogeneic effectors for
cell therapy.

• All cells used in the preparation originate from a single cell, so
their properties are strictly determined and there is no
product heterogeneity. In this regard, standardization is also
simplified;

• There are no restrictions on the scale of cell modification. For
example, multiple sequential transductions or rounds of
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genomic editing can be carried out to obtain a product with
desired properties;

• NK-92 cells can be produced in any volume, up to multi-ton
bioreactors, so this reduces (by several orders of magnitude)
the cost of production significantly (76).

However, NK-92 are cancer cells, so they must be lethally
irradiated before being injected into a patient to eliminate the
chance of their engraftment or development of NK lymphoma.
The latter, and the fact that the irradiated cells appear to be
eliminated rapidly by the patient’s immune system, raise serious
concerns about the feasibility of using CAR-NK-92 cells (77).
3 TRANSLATION OF ALLOGENEIC CAR-T
CELLS INTO CLINICAL USE

The sources of allogeneic CAR-T cells described above are
summarized in Table 1. This section focuses on products
pioneering the technology of allogeneic CAR-T cells in the clinic.

3.1 ALLO-715 Anti-BCMA CAR-T Cells
(NCT04093596 Trial)
Allogene Therapeutics reported the results of a study on ALLO-
715 anti-BCMA CAR-T cells. This was a phase-1 clinical trial
(NCT04093596) in adults with r/r multiple myeloma who had ≥3
prior lines of therapy and were refractory to the last treatment
line. As of October 2020, 31 patients had enrolled in the safety
population. The efficacy population comprised 26 patients across
four dosing levels of cells (40, 160, 320, and 480 × 106 CARs),
with a median follow-up of 3.2 months (78). The CAR-T-cell
receptor of ALLO-715 includes a single-chain variable anti-
BCMA fragment with a 4-1BB costimulatory domain. To
prevent graft rejection and allow for selective lymphodepletion
without affecting ALLO-715 CAR-T cells, KOs of CD52 and
TRAC were introduced (79). Patients received lymphodepletion
consisting of fludarabine plus cyclophosphamide and anti-CD52
antibody ALLO-647 in a set of different dosing regimens
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(Table 2). The overall response rate (ORR) across all dosing
cohorts and lymphodepletion regimens among 26 patients
evaluated for efficacy was 42% (11 patients) (78). The superior
anti-cancer activity was observed among the 10 patients treated
with 320 × 106 cells (dose level 3) of ALLO-715. For this cohort,
the ORR was 60% (6/10 cases), which included a very good
partial-plus response in four patients (40%).

CRS was reported in 45% (14/31) patients. One grade-5
episode in a patient who developed non-neutropenic fever and
multifocal pneumonia one day after ALLO-715 infusion led to
respiratory failure and death. The authors considered this
episode to be related to progressive myeloma and the
conditioning regimen with cyclophosphamide and ALLO-647
(79). The authors reported that infectious diseases developed
during therapy in 42% (13/31) patients, including grade 3
infections in 13% of patients. Cases of GvHD or ICANS were
not observed (Table 3).

3.2 ALLO-501 Anti-CD19 CAR-T Cells
(NCT03939026 Trial)
According to a recent report, ALLO-501 (Allogene Therapeutics)
showed positive results in a trial (NCT03939026) for patients
with relapsed/refractory non-Hodgkin lymphoma (r/r NHL)
who had ≥3 prior lines of therapy (82). As of April 19, 2021,
41 patients had received ALLO-501, 41 patients had enrolled in
the safety population and the efficacy population included 32
patients across three dosing levels of cells (40, 120 and 360 × 106
CARs). The ALLO-501 CAR-T receptor is based on murine
CD19 specific (4G7) scFv. In addition, TALEN-mediated KO of
TRAC and CD52 genes were introduced.

Therapy comprised prior lymphodepletion including
fludarabine plus cyclophosphamide (Table 2) with ALLO-647
and infusion of ALLO-501 CAR-T cells. The ORR was 75% (24/
32 patients), with 50% (16/32) cases having a complete
response (CR).

The authors reported mild-to-moderate CRS in 11 (27%)
patients, one (2%) case of grade-3 neurotoxicity, and no GvHD
among enrolled patients. The prevalence of infection was 61%
December 2021 | Volume 12 | Article 780145
TABLE 1 | Allogeneic CAR-T cells sources.

CAR-T cells source Therapy target Necessity of gene editing

1. ab T cells subsets PBCAR0191 (CD19) Insertion of CD19- specific CAR into the TRAC locus using versatile genome editing
785 platform ARGUS

ALLO-715 (CD19) TALEN-mediated CD52 and TRAC gene knockout
ALLO-715 (BCMA) TALEN-mediated CD52 and TRAC gene knockout
UCART19 (CD19) TALEN-mediated CD52 and TRAC gene knockout
CTX110 (CD19) CRISPR/Cas9 mediated insertion of CD19 CAR into TRAC locus and disruption of

the b2m locus
CYAD-101 (NKGD2D) Gene editing of TCR is not needed due signaling inhibition (TIM)
CYAD-211 (BCMA) shRNA-mediated silencing of TCR signal is used

2. gd T-cells subset Kiromic announces submission of applications for
PD1 gd T cells

Gene editing or TCR is not needed due the absence of abTCR

CAR-T cell Therapy with the FDA
3. Virus specific memory T
cells

ATA3219 (CD19) Gene editing of TCR is not needed due restricted repertoire

4. Induced pluripotent
stem cells

FT819 (CD19) CAR targeting CD19 inserted into the TRAC locus via CRISPR/Cas9
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(25/41 cases), which was similar to the prevalence observed in
trials using autologous CAR-T cells (82).

3.3 UCART19 Anti-CD19 CAR-T Cells
(PALL and CALM Trials)
Another CAR-T cell product based on lentiviral transduction of
CAR19 and the use of TRAC/CD52 specific TALENs is UCART19
(54). TALENs are used to introduce KOs in genes encoding the a
constant chain of TCRs and CD52 to minimize GvHD risk and to
confer resistance to the anti-CD52 monoclonal antibody
alemtuzumab (54). Residual TCR+ cells were removed by
magnetic beads [CliniMACS (53)] and only 0.7% of cells had
detectable cell-surface TCRs. The vector also incorporates a 2A
peptide-linked sort/suicide gene (RQR8), which includes CD34 and
CD20 epitopes for cell enrichment, and rituximab is used for in vivo
depletion in case of adverse effects (83). Unexpectedly, RQR8
expression was further detected by flow cytometry in only 19.9%
of cells, despite linked transcription and translation through a self-
cleaving 2A peptide configuration of RQR8 with highly expressed
(85% of cells) CAR19 (54). More than 64% of cells also exhibited a
CD52− phenotype. The authors revealed a high representation of
the CD8-phenotype subset together with “naive-like” phenotypes. If
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using gene-editing nucleases such as TALENs, one should consider
possible off-target events (nonhomologous end-joining, insertions,
deletions). Using next-generation sequencing, the authors detected
<0.18% off-target events at 15 in silico-predicted off-target
TALEN sites.

The efficacy of therapy with UCART19 was first evaluated in
two infants with relapsed B cell acute lymphoblastic leukemia. The
complete protocol of this therapy is described elsewhere (54).
Summing up, before UCART19 infusion, lymphodepletion
(fludarabine, cyclophosphamide, and alemtuzumab) was
administered (54). The authors reported no infusion-related
toxicities and no evidence of CRS. Grade 2 skin GvHD was
observed by histology in one patient at 9 weeks and resolved
after corticosteroids treatment. Finally, to correct aplasia and
accelerate reconstitution, the TCRab-depleted allograft from the
original mismatched unrelated donor was administered. Patients
were in complete remission after eradication of UCART19
and transplantation.

The safety and efficacy of UCART19 were further evaluated in
the PALL trial in seven children and in the CALM trial in 14 adults.
Patients had to have evidence of CD19+ B cell acute lymphoblastic
leukemia with >5% blasts in bone marrow or a minimal residual
TABLE 2 | Conditioning regimes administered in clinical trials of autologous and allogeneic CAR-T products.

Product and corresponding
clinical trial

Conditioning regimen

501 ALPHA (ALLO-501) Fludarabine 30 mg/m2/day and cyclophosphamide 300 mg/m2/day given on 3 days with ALLO-647 (from 13 to 30 mg daily
given for 3 days). The starting of lymphodepletion 5 days before the infusion ALLO-501.

UNIVERSAL (ALLO-715) Fludarabine 30 mg/m2/day and cyclophosphamide 300 mg/m2/day given on the fifth, fourth, and third days before infusion
ALLO-715 with ALLO-647 (13–30 mg × 3 days) or cyclophosphamide (300 mg/m2/day) given on the fifth, fourth, and third days
before infusion ALLO-715 with ALLO-647 (13–30 mg × 3 days).

CARBON (CTX) Fludarabine 30 mg/m2 and cyclophosphamide 500 mg/m2 given daily on the third, second, and first days before infusion
CTX110. Infusion of CTX110 after completion of lymphodepleting chemotherapy.

PBCAR0191 (PBCAR0191) Fludarabine 30 mg/m2/day and cyclophosphamide 500 mg/m2/day given on 3 days or fludarabine 30 mg/m2/day for 4 days and
cyclophosphamide 1,000 mg/m2/day for 3 days. Infusion of PBCAR0191 after completion of lymphodepleting chemotherapy.

CARCIK (CARCIK—CD19) Fludarabine 30 mg/m2/day × 4 days and cyclophosphamide 500 mg/m2/day × 2 days starting with the first dose of fludarabine.
Infusion of CARCIK—CD19 from 2 to 14 days after completion of lymphodepleting chemotherapy.

PALL (UCART19) Combining cyclophosphamide 60 mg/kg/day for 2 days, fludarabine 30 mg/m2/day for 5 days and alemtuzumab 0.2 mg/kg/day
for 5 days starts during the week preceding UCART19 infusion (from Days 7 to 1).

CALM (UCART19) Combining cyclophosphamide (1,500 mg/m2) and fludarabine (90 mg/m2) without (FC) or with alemtuzumab (FCA) (1 mg/kg) was
administered one week before UCART19 infusion.

ELIANA (KYMRIAH): Pediatric and
Young Adult Relapsed or Refractory
(r/r) B cell Acute

Fludarabine 30 mg/m2 IV daily for 4 days and cyclophosphamide 500 mg/m2 IV daily for 2 days starting with the first dose of
fludarabine.

Lymphoblastic Leukemia (ALL):
ELIANA (KYMRIAH): Adult Fludarabine 25 mg/m2 daily for 3 days and cyclophosphamide 250 mg/m2 IV daily for 3 days starting with the first dose of

fludarabine. Infuse KYMRIAH from 2 to 14 days after completion of the lymphodepleting chemotherapy.Relapsed or Refractory (r/r) Diffuse
Large B cell lymphoma (DLBCL)
ZUMA-5 (Yescarta) Fludarabine 30 mg/m2/day and cyclophosphamide 500 mg/m2/day given on the fifth, fourth, and third days before infusion

YESCARTA
TRANSCEND NHL 001 Fludarabine 30 mg/m2/day and cyclophosphamide 300 mg/m2/day for 3 days. Infuse BREYANZI from 2 to 7 days after

completion of lymphodepleting chemotherapy.(BREYANZI; lisocabtagene
maraleucel; liso-cel)
ZUMA-2 (TECARTUS;
Brexucabtagene Autoleucel;
KTEX19): Mantle Cell Lymphoma.

Fludarabine 30 mg/m2 daily for 3 days, and cyclophosphamide 500 mg/m2 daily for 3 days.

ZUMA-2 (TECARTUS;
Brexucabtagene Autoleucel;
KTEX19): Acute lymphoblastic
leukemia.

Fludarabine 25 mg/m2 iv on the fourth, third, and second days and cyclophosphamide 900 mg/m2 on the second day before
infusion of TECARTUS.
TRANSCEND NHL 001 clinical trial (80), ZUMA-2 clinical trial (81), ELIANA clinical trial (10), ZUMA-5 clinical trial (22).
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disease of 1 × 10−3 cells as assessed by flow cytometry or quantitative
polymerase chain reaction. Before UCART19 infusion, all the
patients underwent lymphodepletion: 17 patients (81%) with
fludarabine, cyclophosphamide, and alemtuzumab, and four
(19%) with fludarabine and cyclophosphamide (Table 2).

Children in the PALL trial receivedUCART19 (1.1–2.3 × 106 per
kg) and the CALM trial included a dose-escalating phase (6 × 106

cells, 6–8 × 107 cells, or 1.8–2.4 × 108 cells) (84). The ORR was 67%
(14/21) and 82% (14/17) for patients receiving alemtuzumab-
containing lymphodepletion (84). Ten (71%) of the 14 patients
achieved a complete response (CR) and proceeded to allogeneic
hematopoietic stem cell transplantation (HSCT). The authors
reported that, at the data cutoff of August 2019, 10 (71%) of the
Frontiers in Immunology | www.frontiersin.org 962
14 patients who achieved a CR or CR with incomplete hematologic
recovery (including patients who underwent SCT) had subsequently
relapsed or died. Progression free survival at 6 months was 27%
(95%CI 10–47). All but one of these relapsing patients were CD19+.

The adverse effects observed with UCART19 seem similar to
those reported for autologous antiCD19 CAR-T cells. CRS was the
most common adverse event associated with the UCART19
treatment (91% of patients). CRS of grade ≥3 was documented in
three patients. Other adverse events were neurotoxicity of grade 1 in
seven patients and grade 2 in one patient that lasted at a median
duration of 3 days and did not require specific treatment. Only two
patients (10%) developed grade 1 GvHD after UCART19 infusion.
One death in the CALM trial reported as the dose-limiting toxicity
TABLE 3 | Efficacy and adverse events associated with allogeneic and autologous CAR T cell therapy.

Product Allogenic CAR-T Autologous CAR-T

ALLO-715 ALLO-501 UCART19 CTX110 PBCAR0191 CARCIKCD19 Kymriah Yescarta

Clinical
trial

UNIVERS AL
(NCT04093596)

ALLO-501 ALPHA
NCT03939026

CALM/PALL
NCT02746952/
NCT02808442

CARBON
NCT04035434

PBCAR0191
NCT036660
00

CARCIK
NCT03389035

ELIANA
NCT02435849

ZUMA-5
NCT03105336

Number
of
patients
that
received

31 patients 41 patients 21 patients 11 patients 27 patients 13 patients 75 patients 146 patients

CAR-T
Disease Relapsed/

Refractory
Multiple
Myeloma

Relapsed/Refractory
large B cell
lymphoma and
follicular lymphoma

Refractory or
relapsed B cell
ALL

Refractory or relapsed
non-Hodgkin
lymphoma Refractory
or relapsed B cell

Refractory or
relapsed non-
Hodgkin
lymphoma

Relapsed or refractory
adult and pediatric B
cell precursor ALL
after HSCT

Refractor y or
relapsed B cell

Relapsed or
Refractor y
large B-cell
lymphoma

ALL Refractory or
relapsed B
cell ALL

ALL

ECOG 0–1 0–1 <2 0–1 0–1 N/D N/D 0–1
Adverse
Events of
Interest,
pts

31 41 21 11 27 13 75 146

CRS Gr 1–2: 14 Gr 1–2: 11 Gr 1–2 16 Gr 1–2: ≥3 Gr absent Gr 1–2: 3 Gr 1–2: 119/146
(45%) ≥Gr 3
absent

(27%) ≥Gr 3 absent (76%) ≥3 Gr 3
3(16%)

Gr 3 absent (23%) ≥Gr 3 absent 23 (31%) ≥Gr
3:35 (46%)

(81,5%) ≥Gr
3:7%

ICANS absent Gr 3 1(2%) Gr 1–2: 8 Gr 1–2: 1 (9%) ≥ Gr 3 single
case

absent Gr 1–2: 20 87/146
(59,6%)
including
≥Gr3:

(38%) ≥Gr3
absent

(27%) Gr3: 10
(13%)

19%

Infections 13 (42%) 25 (61%) 13 (62%) 3 (27%) 4/18 (22%) 4(30%) 32 (43%) 16%
NHL

GvHD absent absent 2 (10%) absent absent absent – –

Skin 1Gr
Efficacy,
pts

26 32 21 11 27 13 75 104

*ORR, n
(%)

11(42%) 24 (75%) – 4 (36%) 15 (55%) – 81% 92%

*CR, n
(%)

– 16 (50%) 14(67%) 4 (36%) 10 (37%) 8 (61.5%) 60% 76%
82% (AL) 75% (IL)
December 202
1 | Volume 12 |
*ORR and CR is shown for patients among all dosing cohorts and lymphodepletion regimes according to recently published results of allogeneic CAR-T cells trials described above and
results of clinical trials of autologous products Kymriah (10) and Yescarta (22).
AL, patients with alemtuzumab-containing lymphodepletion.
IL, (patients with relapsed or refractory non-Hodgkin lymphoma who received enhanced lymphodepletion regimen).
ND, not detected.
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of UCART19 was caused by neutropenic sepsis with grade 3 CRS,
and the other death was caused by pulmonary hemorrhage
occurring in the context of infection and grade 4 cytopenia.
Although, reactivation of infection by cytomegalovirus, adenovirus
and EBV was observed particularly in patients receiving high doses
of alemtuzumab (anti-CD52 monoclonal antibody), omitting
alemtuzumab abolished UCART19 expansion. Therefore,
subsequently, the dose of alemtuzumab was reduced to prevent
severe viral infections and enable UCART19 expansion.

Benjamin and colleagues (84) stated that grade 4 cytopenia in
32% of patients during therapy was probably associated with an
intensive lymphodepletion regimen required to overcome HLA
barriers (alemtuzumab in combination with fludarabine and
cyclophosphamide). Of note, 3–6% of TALENedited UCART19
cells used in the trials had translocation-associated karyotype
abnormalities with yet unrevealed adverse effects (84). Despite
initial concern, residual infused TCR+ cells after expansion did
not cause transfusion-associated GvHD during the CALM and
PALL trials. Both could have been due to ablation of residual
UCART19 cells before allogeneic HSCT (84).

3.4 CTX110 Anti-CD19 CAR-T Cells
(NCT04035434 Trial)
UCART19 and other CAR-T cells use randomly integrating
viruses to deliver genes encoding CAR constructs to T cell
DNA. CRISPR Therapeutics (Cambridge, MA, USA) inserted a
CAR construct precisely into the TRAC locus using CRISPR/
Cas9. Hence, TCR KO and the introduction of the CAR are
achieved in one step. CRISPR/Cas9 is also used to disrupt the
b2m locus, thus eliminating the expression of MHC-1 molecules.

The results from CRISPR Therapeutics’ ongoing phase-1
CARBON trial (NCT04035434) evaluating the safety and
efficacy of CTX110 in 11 patients with r/r NHL who had ≥2
prior lines of treatment have been announced. CTX110 targets
CD19+ B-cell malignancies. Eleven patients were infused with
CTX110 cells at four dose levels (30, 100, 300 or 600 × 106) after
lymphodepletion consisting offludarabine and cyclophosphamide
(Table 2). Among the patients who received 30–300 × 106

CTX110 cells, the authors reported no cases of GvHD despite a
high HLA mismatch between donors and patients, three cases of
grade ≤2 CRS (30%) and one case of grade 2 ICANS (10%) (85). A
patient who received 600 × 106 CTX110 cells experienced grade 2
CRS, febrile neutropenia, and developed short-term memory loss
and confusion (which later progressed to significant obtundation),
reactivation of HHV-6 (Human Herpes Virus), and HHV-6
encephalitis (85). A complete response was achieved in 36%
(four) of patients at 100, 300, and 600 × 106 CTX110 cells. At
300 × 106 CTX110 cells, two out of four patients had a complete
response (85).

3.5 PBCAR0191 Anti-CD19 CAR-T Cells
(NCT03666000 Trial)
Precision BioSciences makes the allogeneic product PBCAR0191. It
is created by the insertion of a CD19-specific CAR into the TRAC
locus using the versatile genome-editing platform ARCUS, which is
based on I-CreI homing endonuclease (86). Then, cells undergo a
D3 elimination step, followed by expansion and freezing (87).
Frontiers in Immunology | www.frontiersin.org 1063
Preliminary data are from the phase-I study of PBCAR0191 cells
from 27 patients (16 with r/r NHL, 11 with r/r B-cell acute
lymphoblastic leukemia) who had ≥2 previous lines of treatment
(88). PBCAR0191 treatment was undertaken at dose level 1 (3 × 105
cells), dose level 2 (1 × 106 cells), dose level 3 (3 × 106 cells), and a
split dose level 4 (two doses at 3 × 106 cells employed after standard
lymphodepletion consisting offludarabine plus cyclophosphamide).
PBCAR0191 was also dosed in an enhanced lymphodepletion
regimen consisting of PBCAR0191 at dose level 3 (3 × 106 cells)
or dose level 4 (two doses at 3 × 106 cells plus fludarabine (30 mg/
m2/day for 4 days) and cyclophosphamide (1,000 mg/m2/day for
3 days).

The ORR and complete response across all dosing cohorts and
lymphodepletion regimens was 55% (15/27 cases) and 37% (10/27
cases), respectively. The authors reported an 83% ORR at day-28 or
later for patients with NHL or B-cell acute lymphoblastic leukemia
who received PBCAR0191 when coupled with enhanced
lymphodepletion. On day-28 or later, 75% of patients with r/r
NHL who received PBCAR0191 with enhanced lymphodepletion
achieved a complete response, versus only 33% across dose level 2 (1
× 106) and dose level 3 (3 × 106 cells) using standard
lymphodepletion (88). Hirayama et al. sought to identify the
biomarkers associated with a complete response and progression-
free survival in patients with aggressive B cell NHL after autologous
anti-CD19 CAR-T cell therapy. Patients receiving high-intensity
lymphodepletion had a higher probability of achieving a favorable
cytokine profile (IL-7 and serum monocyte chemoattractant
protein-1) that correlated with a better complete response and
progression-free survival compared with that in patients receiving
low-intensity lymphodepletion (89).

More recently, Shah et al. (90) published clinical trial results
concerning patients cohort to whom the PBCAR0191 was dosed at
level 3 (3 × 106 cells) and coupled with enhanced lymphodepletion
(fludarabine 30 mg/m2/day × 4 days plus cyclophosphamide 1,000
mg/m2/day × 3 days). Twenty one patients were enrolled, including
16 patients with NHL and 5 patients with B-ALL with measurable
CD19+ R/R B-ALL or NHL disease after two or more prior
treatment regimens. The authors reported profoundly improved
PBCAR0191 kinetics compared to patients to whom standard
lymphodepletion was administered. The treatment efficiency was
assessed in 13 patients with NHL and in 5 subjects with ALL. The
overall response was 83% (15/18) patients, including 85% (11/13)
patients with NHL and 80% (4/5) ALL subjects, with 50% (12/18)
cases having a complete response (CR/CRi) including 62% (8/13)
patients with NHL and 80% (4/5) ALL subjects. Most adverse events
were mild. The authors reported that ICANS Grade 3 was observed
in one patient with NHL, grade 3 infections observed in 31% (5/16)
patients with NHL, and 80% (4/5) patients with B-ALL. No
evidence of GvHD was observed.

3.6 CYAD-101 (CYAD-211 Trials)
Celyad Oncology manufactures CYAD-101. This product combines
a human full-length NKG2D receptor that binds eight different
ligands expressed by cancer cells of different origins in an MHC
molecule-independent fashion (91) and a TCR inhibitory peptide
that interferes with signaling by the endogenous TCR. CYAD-101
was evaluated in the alloSHRINK phase-I study in patients with
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unresectable metastatic colorectal cancer (NCT03692429). After
standard preconditioning chemotherapy (FOLFOX), 15 patients
received one of three dose levels (1 × 108, 3 × 108 or 1×109 cells
per infusion). The authors reported no dose-limiting toxicity or
GvHD. CYAD-101 at 1×109 cells per injection post-FOLFOX
chemotherapy was used. Out of 15 patients, two (13%) patients
achieved a partial response and nine (60%) cases had stable
disease (92).

In parallel, Celyad Oncology investigated (93) another approach
to prevent GvHD by leveraging shRNA to silence the mRNA coding
for the CD3z component of the TCR (Figure 2C). In particular,
their new product, CYAD-211, which is designed to express anti-
BCMACAR and shRNA interfering with CD3z expression, is being
evaluated in the phase-I IMMUNICY-1 trial (NCT04613557) for
the treatment of patients with r/r multiple myeloma. The authors
pointed out a high percentage of shRNA-CD3z knockdown
comparable with that using CRISPRs targeting CD3z to inhibit
TCR expression.

3.7 Cytokine-Induced Killer (CIK)
Anti-CD19 Cells (NCT03389035 Trial)
Magnani et al. proposed a nonviral engineering of allogeneic
CAR-T cells based on a “Sleeping Beauty” transposon system to
produce CIK cells with CARs (94). According to the CIK-cell
protocol, cells were stimulated to differentiate to a subpopulation
of memory T cells (95). Cells were derived from four matched
unrelated donors, six haploidentical donors and three siblings
with identical HLAs. During multicenter clinical studies
(NCT03389035), CARCIK-CD19 cells were administered to 13
patients with B cell acute lymphoblastic leukemia who had
relapsed after HSCT. The authors reported no cases of ICANS
or GvHD even in patients who experienced GvHD after initial
HSCT (Table 3). The only severe adverse events were two cases
of grade 1 and grade 2 CRS in patients receiving the highest dose.
A complete response was noted in 61.5% of patients whereas,
among the six patients receiving the two highest doses, a
complete response was noted in 85.7% of cases. The authors
pointed out that the absence of manageable GvHD after the
infusion of CIK cells was associated with the acquisition of MHC
molecule-independent NK-like cytotoxicity during stimulation
with interferon-g, CD3, and differentiation in the presence of IL-
2 (96). The insertions of Sleeping Beauty did not appear to trigger
clonal dominance, while in rare cases, the insertion of CAR with
a lentiviral vector might alter T-cell regulatory pathways due to
preferable integration into highly expressed genes triggering
clonal expansion [e.g., vector insertion within the CBL
oncogene (97) and disruption of the TET2 allele (98)].

3.8 ATA188 and the NCT03283826 Trial
Prockop et al. revealed that EBV-targeted T cells demonstrated a
favorable safety and limited risks of GvHD or CRS in 46 recipients
with rituximab-refractory EBV-associated lymphoma (99). Curran
et al. reported a complete response in 70% (7/10 patients with r/r B-
cell malignancies) and an absence of ICANS, CRS, or GvHD above
grade 2 after treatment with a CD19-specific CAR developed by
transducing EBV-specific donor cells (100).
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Preliminary results utilizing EBV-specific subsets of T cells were
demonstrated by Atara Biotherapeutics in a phase-I trial using
ATA188 (NCT03283826). GvHD or CRS after the infusion of
ATA188 cells was not documented. The authors reported that
ATA188 was well-tolerated in patients with progressive multiple
sclerosis, and dose-limiting toxicities were not reported. ATA188
was manufactured from lymphocytes specific for the EBV antigens
of an unrelated (but partially HLA-matched) donor. Atara
Biotherapeutics also developed EBV-specific T cells with a CAR
targeting CD19. Their product (Allo-EBV-CD19-CAR-T) expresses
an anti-CD19 CAR and maintains the expression of the native EBV
TCR (101). Allo-EBV-CD19-CAR-T demonstrates a robust killing
of antigen+ cells, antigen-specific proliferation in the presence of
EBV and CD19+ cells, an enriched central memory phenotype
(with higher frequency expression of CD62L, CCR7, and CD45RO),
and provides a framework for developing next-generation allogeneic
CAR-T cells: ATA3219.

3.9 Vg9Vd2 T Cells
Xu et al. published the results of the clinical trials of allogeneic
Vg9Vd2 T-cell therapy for 132 patients with late-stage malignant
liver ((NCT03183232), lung (NCT03183219), pancreatic
(NCT03183206) or breast (NCT03180437) cancer. The details
of the protocol and results are described elsewhere (65).
Significant adverse events (CRS, GvHD) were not reported
after infusion of allogeneic Vg9Vd2 T cells.

3.10 NK Cells
NK cells are candidates for engineering allogeneic CAR-NK cells
for cancer treatment. Liu et al. reported the results of phase-I and
-II trials in which HLA-mismatched anti-CD19 CAR-NK cells
derived from cord blood were administered to 11 patients with
r/r NHL or chronic lymphocytic leukemia (102). NK cells were
transduced with a retroviral vector encoding an anti-CD19 CAR,
IL-15 and inducible caspase 9 (to trigger apoptosis of CAR-NK
cells in case of unacceptable toxic effects). The authors reported a
median of 0.01% contaminating CD3+ T cells in the final
product and the absence of CRS, ICANS, and GvHD (102).
The authors mentioned stable levels of the proinflammatory
cytokines IL-6, interferon-g, and TNF. All patients had reversible
hemato logic tox ic events , main ly assoc ia ted with
lymphodepletion. At a median follow-up of 13.8 months, seven
patients (64%) had a complete response.

In the sole completed CAR-NK-92 trial (CD33-specific for
patients with acute myeloid leukemia), cells were injected thrice
at doses 3 × 108, 6 × 108 and 1 × 109 cells on days 1, 3, and 5,
respectively (103). Of the three patients in the trials, two patients
experienced mild pyrexia and one episode of pyrexia up to 40°C
that resolved in 2 days. Tang et al. (103) reported only two cases
of grade-I CRS and no cases of GvHD after the infusion of CD33-
CAR NK-92 cells. Hence, CAR NK-92 cells (at least with this
particular CAR) were as safe as the unmodified parental NK-92
cell line (104). Unfortunately, two patients relapsed and one had
no response to treatment. CAR-T-cell therapy in patients with
acute myeloid leukemia remains challenging because antigens
(e.g., CD123) used as a target for CAR-T cells are also expressed
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in normal hematopoietic stem cells and myeloid cells, which can
cause severe CRS, neurotoxicity and off-target events (105, 106).
Therefore, in terms of side effects, NK-92 cells as CAR carriers
appear to be safe, but cases of a complete response after their
injection have not been described.
4 DISCUSSION

Presently, all FDA-approved CAR-T cell therapies are based on the
autologous T cells isolated from the patient. Clearly, the use of a
Frontiers in Immunology | www.frontiersin.org 1265
CAR-T cell product derived from a healthy donor appears
advantageous, given that it would be less dependent on the
immune status of the patient, be more standardized and greatly
expand the patient access to the therapy due to lower production
costs. It must also be taken into account that upon rapid disease
progression the time required for autologous CAR-T cell
manufacturing becomes a critical factor. During this time, tumor
burden increases which may translate into a lower survival rate.
Furthermore, a fraction of patientsmayultimately never receive the
autologous CAR-T cell product of decent quality and
therapeutically meaningful quantity. In contrast, allogeneic
FIGURE 3 | Choice of either autologous or allogeneic CAR-T cell therapy. *Standard lymphodepletion—conditioning regimen in which intermediate doses of
chemotherapy drugs are applied. **Enhanced lymphodepletion—conditioning regimen in which high doses of chemotherapy drugs and/or additional biologic
medications (monoclonal antibody, including allo-647) are applied.
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CAR-T cells produced from healthy donors may display
significantly better cellular fitness at the time of infusion, and by
default, such CAR-T cell products would be free of contaminating
tumor cells, unlike in the autologous format. In this regard, similarly
to BiTEs (107), allogeneic CAR-T cell products are “off-the-shelf”
and combine the advantages of both platforms. Nonetheless, these
formats are not exactly interchangeable, and each of them has its
own niche. Depending on the clinical presentation, BiTEs,
autologous CAR-T, and allogeneic CAR-T cell products can be
successfully used consecutively and even target the same antigen.

There are several scenarios when allogeneic CAR-T cells can and
should be used in place of or in combination with the autologous
CAR-T cells: i) logistics issues preventing the manufacturing of the
autologous product; ii)manufacturing failure, wherein the allogeneic
product may substitute the autologous one without delaying the
scheduled infusion; iii) infusion of the allogeneic CAR-T cell product
when the autologous product fails to expand in the patient; iv)
autologous CAR-T cell product cannot be manufactured upfront
due to low T cell numbers in the patient and/or rapidly progressing
disease; v) allogeneic CAR-T cell product serves as a bridge to
hematopoietic stem cell transplantation by design; and vi) dose-
adjusted infusion of allogeneic CAR-T cells with a low chance of
engraftment to achieve progressive tumor de-bulking, thereby
reducing the chance and magnitude of adverse side effects by the
time of infusion of autologous CAR T cell product (Figure 3).

Allogeneic CAR-T cells may cause GvHD and may themselves
be rejected by the immune systemof the recipient. The frequency of
such adverse effects is associated with the fine details of the
manufacturing protocols and the procedures of how such cells are
rendered universal to avoid allorejection. One avenue to avoid
destruction of the allogeneic CAR-T cell product is to induce
immunosuppression in the patient, but this must be finely
balanced and closely monitored to reduce the risk of life-
threatening infections. In most clinical trials of allogeneic CAR-T
cells, GvHD never progressed beyond stage I, and only skin
involvement was observed (Table 3). Therefore, we arrived into
the conclusion that gene editing and subsequent cell-processing
steps (depletion of TCR+ cells using magnetic beads) enable nearly
complete elimination of residual TCRab+ cells (<1%) below the
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thresholds that might cause clinically significant GvHD. Therapy
toxicity evaluation of the reviewed allogeneic CAR-T clinical trials
revealed single cases of severe (≥3 grade)CRSand ICANS(Table3),
while more frequent development of severe (≥3 grade) CRS and
ICANS was observed in patients who received autologous CAR-T
therapy (clinical trials ELIANA, ZUMA-5). Higher doses of
allogenic CAR-T cells and/or enhanced lymphodepletion were
associated with higher efficacy of allogeneic CAR-T cells
comparable with efficacy of autologous products (Tables 2, 3).
Under standard lymphodepletion, allogeneic CAR T cells had
inferior efficacy and response rates compared to the autologous
CAR-T cells, which is largely attributable to their lower persistence.
This can be viewed as a surmountable issue. Furthermore, this can
be considered as a safety advantage in the long run, particularly in
the context of CAR T cells targeting the molecules present on the
healthy tissues and organs. In fact, multiple autologous CAR T cell
infusions have similarly been reported (e.g., NKG2D-CAR) as a
means to counteract relatively short persistence. Finally, in the
absence of contraindications enhancing the lymphodepletion
regimen prior to CAR T cell infusion may ultimately obviate the
need for such multiple infusions.

The limitation of this review is that data concerning clinical
trials of ALLO-715, ALLO-501, CTX110, and PBCAR0191 are
based on press releases, published by the corresponding
companies. Notwithstanding this limitation, all studies showed
the feasibility of administering allogeneic CAR-T cells and provide
a path for more widespread and efficacious anticancer therapy.
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Reducing farnesyl diphosphate
synthase levels activates
Vg9Vd2 T cells and improves
tumor suppression in murine
xenograft cancer models

Mei-Ling Liou1†, Tyler Lahusen1*†, Haishan Li1,2, Lingzhi Xiao1

and C. David Pauza1,2

1American Gene Technologies International Inc., Rockville, MD, United States, 2Viriom Inc.,
Rockville, MD, United States
Human Vg9Vd2 T cells are attractive candidates for cancer immunotherapy due to

their potent capacity for tumor recognition and cytolysis of many tumor cell types.

However, efforts to deploy clinical strategies for Vg9Vd2 T cell cancer therapy are

hampered by insufficient potency. We are pursuing an alternate strategy of

modifying tumors to increase the capacity for Vg9Vd2 T cell activation, as a

means for strengthening the anti-tumor response by resident or ex vivo

manufactured Vg9Vd2 T cells. Vg9Vd2 T cells are activated in vitro by non-

peptidic antigens including isopentenyl pyrophosphate (IPP), a substrate of

farnesyl diphosphate synthase (FDPS) in the pathway for biosynthesis of

isoprenoids. In an effort to improve in vivo potency of Vg9Vd2 T cells, we

reduced FDPS expression in tumor cells using a lentivirus vector encoding a

short-hairpin RNA that targets FDPS mRNA (LV-shFDPS). Prostate (PC3) or

hepatocellular carcinoma (Huh-7) cells transduced with LV-shFDPS induced

Vg9Vd2 T cell stimulation in vitro, resulting in increased cytokine expression and

tumor cell cytotoxicity. Immune deficient mice implanted with LV-shFDPS

transduced tumor cells showed dramatic responses to intraperitoneal injection

of Vg9Vd2 T cells with strong suppression of tumor growth. In vivo potency was

increased by transducing tumor cells with a vector expressing both shFDPS and

human IL-2. Tumor suppression by Vg9Vd2 T cells was dose-dependent with

greater effects observed in mice injected with 100% LV-shFDPS transduced cells

compared tomice injected with amixture of 50% LV-shFDPS transduced cells and

50% control (no vector) tumor cells. Delivery of LV-shFDPS by intratumoral

injection was insufficient to knockdown FDPS in the majority of tumor cells,

resulting in insignificant tumor suppression by Vg9Vd2 T cells. Thus, Vg9Vd2 T cells

efficiently targeted and suppressed tumors expressing shFDPS in mouse

xenotransplant models. This proof-of-concept study demonstrates the potential

for suppression of genetically modified tumors by human Vg9Vd2 T cells and

indicates that co-expression of cytokines may boost the anti-tumor effect.
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Introduction

Human Vg9Vd2 (hereinafter referred to as Vd2) T cells

are a unique population in peripheral blood with frequencies

ranging from 0.5-10% of peripheral blood mononuclear cells

(PBMC). Due to unique features of their T cell receptor, these

are often considered to have features representing both innate

and adaptive immunity (1). The T cell receptor (TCR) on Vd2
T cells is composed of V gamma 9), a specific J segment (JP)

and the V delta 2 chains capable of responding to non-peptide

antigens independently of antigen presentation by major

histocompatibility complex proteins (MHC) (2, 3). Non-

peptide antigens capable of stimulating Vd2 T cells are

known as phosphoantigens (PAgs) include (E)-4-hydroxy-

3-methyl-but-2-enyl pyrophosphate (HMBPP) found in

bacterial, fungal and protozoan pathogens, and isopentenyl

pyrophosphate (IPP), an intermediate metabolite in the

mevalonate pathway for biosynthesis of isoprenoids

(Supplementary Figure 1) (4–7).

PAg recognition depends on cell surface molecules from

the butyrophilin family, most importantly 3A1 and 3A2 (8,

9). In our current understanding, butyrophilin binds PAg via

a cytoplasmic domain, resulting in a conformational change

to the ectodomain that is recognized by Vd2 T cells (10–12).

Considering that butyrophilins are widely expressed and

tumor cells upregulate the mevalonate pathway to meet an

increasing need for membrane synthesis (13, 14), Vd2 T cells

respond to many types of malignant cells and may participate

in tumor immunosurveillance through their recognition of

PAg (15–17). The common expression of butyrophilins and

upregulation of the mevalonate/cholesterol pathway allows

for broad recognition of tumors by Vd2 T cells (18–20).

Accordingly, Vd2 T cells are increasingly appreciated as a

key component in natural tumor immunity and a potential

target for cell-based therapy against cancers due to their

ability to recognize malignant cells, infiltrate tumors, and

release cytotoxic and pro-inflammatory cytokines (21–24).

Both adoptive transfer and in vivo activation of Vd2 T cells

have been safe during clinical trials making them a promising

cell therapy against various tumors such as lymphoma,

myeloma (25), hepatocellular, and colorectal carcinoma

(26), and prostate (23), lung (27), colon (28), breast (24),

and ovary cancers (29).

Vd2 T lymphocytes can be activated by PAg producing

accessory cells, such as immune presenting cells and tumor

cells, or self-activate through exogenous PAgs (30). The

activated Vd2 T cells are cytolytic against tumor cells, secrete

the inflammatory cytokines TNFa and IFNg among others,

release cytolytic proteins perforin and granzyme B, and are

effector cells for antibody-dependent cell mediated cytotoxicity

(ADCC) (31).
Frontiers in Immunology 02
71
Nitrogen-containing-bisphosphonates (NBPs) have

immunomodulatory properties including activation of Vd2 T

cells. NBPs are inhibitors of farnesyl diphosphate synthase

(FDPS) , an enzyme in the meva lona t e pa thway

(Supplementary Figure 1). NBPs compete for IPP binding on

FDPS leading to competitive enzyme inhibition, IPP

accumulation and Vd2 T cell activation (32–34). NBPs are

used clinically to treat osteoporosis and osteolytic bone

lesions. Pharmaceutical NBPs, such as zoledronic acid

(Zomata), pamidronate (Aredia) and Alendronic acid

(Fosamax) are used to treat osteoporosis and are reported to

have anti-tumor effects in metastatic bone cancer patients (35–

37). Given the anti-tumor effect exhibited by NBPs, in addition

to the fact that some tumors overproduce IPP, in vitro data

showed that treatment of tumor cells with NBPs leads to

activation of Vd2 T cells and increased cytolytic responses

against tumor cells (38).

Existing approaches for exploiting Vd2 T cells in cancer

therapy utilize soluble activators of Vd2 T cells such as NBPs or

PAg to increase the potency of Vd2 T cells against tumor cell

targets (39). Another approach to activating Vd2 T cells uses

RNA interference with a small hairpin RNA (shRNA) stem-loop

structure to knockdown FDPS mRNA in tumor cells, thus

causing IPP accumulation and Vd2 T cell activation (6, 40,

41). As a proof of concept, we delivered shFDPS to cancer cells

using a lentivirus vector. The large carrying capacity of lentiviral

vectors also allowed us to co-express shFDPS and immune-

stimulating factors on individual lentivirus vector constructs.

Several cytokines are known to enhance Vd2 T cell activation or

increase Vd2 T cell expansion. IL2 and IL15 increase the activity

of Vd2 T cells in response to PAg or NBPs (42, 43) and IL2

increases the expansion of Vd2 T cells in response to zoledronic

acid (44, 45). Expressing IL2 in addition to FDPS shRNA in a

lentiviral vector might enhance the potency of Vd2 T cells

against cancer (24).

The combination of NBPs and Vd2 T cell treatments used in

xenograft mouse models were tested in several human tumor types

including melanoma (46), glioma (47), neuroblastoma (48),

pancreatic (46, 49), and prostate cancer (49). However, there are

two limitations to usingNBPs for activating Vd2 T cells in vivo. One

is that soluble NBPs are absorbed by binding to hydroxyapatite on

the bone surface, thus reducing bioavailability, and the second is

that NBPs cannot be targeted to the tumors. Consequently, we

constructed a lentiviral vector expressing shFDPS (LV-shFDPS) to

determine if reducing FDPS mRNA and protein expression in

prostate and hepatocellular tumors ex vivo or in vivo would lead to

tumor suppression by Vd2 T cells from healthy human donors. We

also tested whether FDPS knockdown in addition to NBP treatment

could increase the activation and cytolytic activity of Vd2 T cells and

whether this would be enhanced further with concurrent tumor cell

expression of IL2.
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Materials and methods

Isolation and cryopreservation of
human PBMC

Leukopaks from anonymous donors were obtained from the

New York Blood Center (New York, NY, USA). PBMC were

isolated using density gradient centrifugation using a Ficoll-

Paque Plus gradient (Sigma-Aldrich, St. Louis, MO, USA). The

PBMC were transferred to a new tube and washed twice with

PBS. The resulting cell pellet was resuspended in culture

medium composed of RPMI 1640 complete medium: RPMI

1640 medium (Thermo Fisher Scientific, Burlington, MA, USA),

10% Fetal Bovine Serum (FBS) (Gemini, Sacramento, CA, USA),

and 10,000 U/mL Penicillin-Streptomycin (Thermo Fisher

Scientific). PBMC were cryopreserved in 90% FBS + 10%

DMS0 (Sigma-Aldrich) at a final concentration of 3 X 107

cells/mL. The PBMC were placed at -80°C for overnight and

then transferred to liquid nitrogen for long term storage.
Expansion of Vd2 T cells from
cryopreserved human PBMC

3 X 107 cryopreserved PBMC were thawed in a 37°C water

bath and washed with RPMI 1640 medium. The PBMC were

resuspended at a concentration of 1 X 107cells/mL in 10 mL

RPMI 1640 medium supplemented with 1 mM zoledronic acid

(ZA) (Sigma-Aldrich) and 0.1 mg/mL recombinant human IL2

(Thermo Fisher Scientific). The cells were expanded in T25 or

T75 tissue culture flasks (Greiner Bio, VWR, Radnor, PA, USA)

for a minimum of two weeks prior to use for in vitro and in vivo

experiments. During the first 10 days of expansion, the medium

was supplemented with 0.1 mg/mL of recombinant human IL2

twice in the first week after which IL2 supplementation was

continued at 0.01 mg/mL. After a minimum of two weeks in

culture, the mixed cell population contained 20-90% Vd2 T cells

as determined by flow cytometry.
Cultivation of cancer cell lines

PC3 prostate carcinoma cells were obtained from the American

Type Culture Collection (ATCC, Manassas, VA, USA) and Huh-7

liver hepatocellular carcinoma cells were obtained from the

Japanese Collection of Research Bioresources (JCRB Cell Bank,

Osaka, Japan). The cells were thawed and passaged in DMEM

complete medium: DMEM (Thermo Fisher Scientific), 10% FBS

(Gemini), and 10,000 U/mL Penicillin-Streptomycin (Thermo

Fisher Scientific). Cells were seeded into T-75 flasks (Greiner Bio,

VWR) and cultured in a 37°C incubator with 5% CO2.
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Transduction of cancer cells and
coculture with Vd2 T cells

PC3 or Huh-7 cells were seeded at 0.5 X 106 cells/well in a 6-

well plate followed by incubation overnight. The next day, when

the cells had reached around 50% confluency, the cells were

transduced with LV control, LV-shFDPS or LV-shFDPS-IL2

using a multiplicity of infection (MOI) of 5 or 10. Three days

after transduction, the transduced PC3 or Huh-7 cells were

collected, centrifuged, and resuspended in fresh, complete

DMEM medium. The PC3 or Huh-7 cells were added at 5 X

105 cells/100 µL in wells of 96-well U-bottom plates. Next, 1 X

106/100 µL Vd2 T cells were added to the wells and cytokine

secretion was arrested by adding the GolgiPlug reagent per the

manufacturer’s instructions (BD Biosciences, Franklin Lakes, NJ,

USA). The coculture was incubated in a 37°C cell incubator for

4 h, whereupon cells were collected and cytokine expression was

measured by flow cytometry.
Measuring FDPS expression
by immunoblotting

293T cells were seeded at 8 X 105 cells in each well of a 6-well

plate and cultured in 1.5 mL of complete DMEM medium in a

37°C incubator at 5% CO2 overnight. The next day, lentivirus

vector was added to the cells at a MOI of 2.5, 5, 10 or 20 for 48 h.

For PC3 cells, in addition to lentivirus, polybrene (Sigma-

Aldrich) was added to the cell medium at a concentration of 2

mg/mL. Cells were lysed in 1% NP-40 lysis buffer containing a

Pierce Protease Inhibitor Tablet (Thermo Fisher Scientific).

Protein lysates were prepared in 1x NuPAGE LDS sample

buffer (Thermo Fisher Scientific), samples were heated for

10 min at 70°C, and proteins were separated with 4-12%

NuPAGE Bis-Tris gels (Thermo Fisher Scientific). Proteins

were transferred to polyvinylidene fluoride (PVDF)

membranes (MilliporeSigma) and probed with the antibodies

anti-FDPS (Bethyl Laboratories Fortis Life Sciences, Waltham,

MA, USA) and b-actin (MilliporeSigma). Anti-mouse or rabbit

secondary antibody conjugated with horseradish peroxidase

(HRP) (Bio-Rad, Hercules, CA, USA) was visualized with the

Immobilon Western HRP substrate (MilliporeSigma) and

detected with the LI-COR C-DiGit Blot Scanner (Lincoln,

NE, USA).
Measurement of IL2 by ELISA

PC3 cells were transduced with lentivirus at 5 MOI in

addition to 2 mg/mL of polybrene. The cell medium was

changed after 6 h and then collected after 3 days whereupon
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IL2 expression was determined with a human IL2 ELISA kit

(Thermo Fisher Scientific).
Reverse transcriptase (RT) PCR and real-
time qPCR

Cells were collected and RNA was extracted with the RNeasy

kit (Qiagen, Germantown, MD, USA). The reverse transcription

reaction was done using 1.4 mg of RNA and the Vilo SuperScript

cDNA synthesis kit (Thermo Fisher Scientific) on a Veriti 96-

well thermal cycler (Thermo Fisher Scientific). The PCR steps

were according to the following: 25°C for 10 min, 42°C for

60 min, and 85°C for 5 min. For the Real-Time qPCR assays, 1.5

mL of the RT-PCR reaction was mixed with 1 mL of FDPS (Fwd:

5”-GTGCTGACTGAGGATGAGATG-3’, Rev: 5”-CCGGT

TATACTTGCCTCCAAT-3”, Fam probe: 5’-TAGCTCTCC

TATCTCTGGGTGCCC-3’) and actin (Fwd: 5’-GGACC

TGACTGACTACCTCAT-3”, Rev: 5’-CGTAGCACAGCT

TCTCCTTAAT-3”, Yakima probe: 5 ’-AGCGGGAAAT

CGTGCGTGAC-3’) primers and probes at 0.5 mM and the

reaction components of the TaqMan Fast Advanced Master

Mix (Thermo Fisher Scientific). The qPCR reactions were

performed on a QuantStudio3 Real-Time PCR system

(Thermo Fisher Scientific) according to the following steps:

50°C for 2 min, 95°C for 20 secs, 40 cycles of 95°C for 1 sec

and 60°C for 20 secs. Data were collected and analyzed with

QuantStudio Design and Analysis software (Thermo

Fisher Scientific).
Flow cytometry analysis

The 96-well U-bottom plate containing the co-cultured cells

was centrifuged, followed by removal of the supernatant and

resuspension in 50 µL of flow staining buffer (1X PBS

magnesium/calcium depleted + 1% FBS) containing PE-labeled

anti-human Vd2 antibody (BioLegend, San Diego, CA, USA).

Next, the cells were treated with 50 µL of fixation buffer (BD

Biosciences) before washing with 1X perm/wash solution (BD

Biosciences). Then cells were resuspended in 50 mL of APC-

labeled anti-human TNFa or IFNg (BioLegend). The cells were
incubated at 4°C for 20 min in the dark and washed 2 times with

250 mL of 1X perm/wash solution. Flow cytometry data were

acquired on a FACS Calibur (BD Biosciences) and analyzed

using FlowJo software.
Labeling of cancer cells with calcein AM

PC3 or Huh-7 cells were seeded in 6-well plates at 4 X 105

cells per well and incubated overnight. The next day, the cells

were transduced with lentiviral vector stocks at a MOI of 5 or 10.
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For PC3 cells, in addition to lentivirus, polybrene was added to

the cell medium at a concentration of 2 mg/mL. After 48 h, the

medium was changed with or without 1 mM ZA for overnight

incubation. The next day, 5 mM of Calcein AM (Thermo Fisher

Scientifc) were added to the medium and cells were placed in a

37°C cell incubator for 20 min. Next, the cells were washed with

culture medium. Finally, the labeled cells were resuspended to a

concentration of 5 X 105 cells/mL.
Cytotoxicity assay

Serial dilutions of expanded Vd2 T cells were prepared with

1 X 106/mL, 5 X 105/mL, 2.5 X 106/mL, and 1.625 X 106/mL cell

concentrations. 100 mL of each dilution of PBMC enriched for

Vd2 T cells were added to 5 X 104/100 mL of the Calcein AM-

labeled PC3 or Huh-7 cells which resulted in effector to target

cell ratios (E:T) of 20:1, 10:1, 5:1, 2.5:1, and 1.25:1; the ratio

indicates numbers of enriched PBMC (Effector) and were not

corrected for the percentage of Vd2 T cells in each cell

preparation. All co-cultures were performed in triplicate. The

cocultures were incubated in a 96-well U-bottom plate in a 37°C

cell incubator for 4 h. To account for spontaneous cell lysis, 5 X

104 of the cells were cultured without Vd2 T cells. To determine

maximum cell lysis, 5 X 104 cells cultured without Vd2 T cells

were completely lysed by the addition of 1% Triton-X-100

(Sigma-Aldrich) to the culture medium. After 4 h, 75 mL of

supernatant from each well of the 96-well plate were transferred

to a new 96-well black plate with a clear bottom and lid (VWR).

Cell lysis was measured by the level of fluorescent Calcein AM

detec t ed in the superna tan t us ing a fluore scen t

spectrophotometer (Biotek/Agilent, Santa Clara, CA, USA).

The percentage of specific lysis was calculated with the

following formula: % specific lysis = (Co-culture lysis–

spontaneous lysis)÷(Maximum lysis–spontaneous lysis) X 100.
Tumor xenograft and Vd2 T cell
treatments in mice

PC3 or Huh-7 cells were seeded in a T75 flask. When the

cells were 80% confluent, they were transferred to a T175 flask.

PC3 or Huh-7 cells were transduced when the cells had reached

50% confluency by replacing the medium with lentiviral vector

stocks diluted in medium to result in a MOI of 5 or 10. For PC3

cells, in addition to lentivirus, polybrene was added to the cell

medium at a concentration of 2 mg/mL. Three days following cell

seeding, the cells were collected by trypsinization and washed

twice in complete medium for inoculation into mice. For each

treatment, 5-8 NSG or NRG mice were inoculated

subcutaneously with 3 X 106 cells/0.1 mL PC3 or Huh-7 cell

plus 0.05 mL Matrigel (Corning, Corning, NY, USA) into the

right flank of each mouse. Mice were weighed and tumor
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volumes were measured twice a week using a caliper. Tumor

volume was calculated using the following equation: Tumor

volume (mm3)=d2 (d=the shortest diameter) X (D/2) (D=the

longest diameter). Mice were euthanized when tumor volume

reached approximately 2000 mm3, followed by excision and

weighing of the tumor. 5-8 X 106 Vd2 T cells expanded from

PBMC were administered by intraperitoneal injection (IP) when

the average tumor volume reached 200-300 mm3. Vd2 T cells

were injected by IP route every week for a total of 4 injections.

ZA was administered to mice by IP injection with a dose of 100

mg/kg the day prior to each injection of Vd2 T cells.
Statistical analysis

The data was presented as the mean ± SEM where applicable

and statistical analysis was performed with GraphPad Prism.

Statistical analysis of the data from in vivo tumor studies was

performed with the unpaired t test.
Frontiers in Immunology 05
74
Results

Lentiviral vector LV-shFDPS decreases
FDPS mRNA and protein expression

The lentiviral vector with a small hairpin (shFDPS) stem

loop structure (Figure 1A upper panel) was used to reduce FDPS

mRNA levels. The specific guide sequence used in LV-shFDPS

was selected from several predicted targets after head-to-head

comparisons based on mRNA levels (not shown). The ability of

LV-shFDPS to reduce FDPS expression was evaluated by Real-

Time qPCR or Western blot analysis in the presence of 0, 5, 10,

20 or 25 MOI of LV-shFDPS lentiviral vector in the PC3

metastatic human prostate adenocarcinoma cell line and in the

Huh-7 human hepatocellular carcinoma cell line. The FDPS

mRNA levels were reduced in a dose-dependent manner as

compared with no LV treatment levels (100%) in PC3 cells at 5

MOI (67.9 ± 4.6%), 10 MOI (49.5 ± 2.4%), and 25 MOI (25.6 ±

2.1%) (Figure 1B). In Huh-7 cells, there was a decrease in FDPS
B C

D E

A

FIGURE 1

A lentivirus expressing a short-hairpin RNA (shRNA) targeting farnesyl diphosphate synthase (FDPS) reduces its expression in cancer cells.
(A) Schematic diagram of the lentivirus vectors LV-shFDPS and LV-shFDPS-IL2. Additionally, the vectors may express the luciferase and GFP
gene. (B, C) Real-time qPCR analysis of FDPS RNA from PC3 prostate and Huh-7 hepatocellular carcinoma cells transduced with LV-shFDPS
at a MOI of 5, 10, and 20 or 25. In PC3 cells at a MOI of 25, FDPS expression was reduced by 74% and in Huh-7 cells at a MOI of 20, FDPS
expression was reduced by 84%. (D, E) Immunoblot analysis of FDPS protein from PC3 and Huh-7 cells transduced with LV-shFDPS.
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mRNA at 5 MOI (59.1 ± 1.2%), 10 MOI (38.2 ± 0.6%), and 20

MOI (16.3 ± 0.7%) (Figure 1C). FDPS protein expression was

similarly reduced in a dose-dependent manner in PC3 and Huh-

7 cells, respectively (Figures 1D, E). These results showed that

LV-shFDPS specifically targeted FDPS mRNA resulting in a

reduction in both mRNA and protein levels. IL2 is an important

cytokine forVd2 T cell activation and proliferation, therefore we

generated another lentiviral vector expressing both shFDPS and

secretory human IL2 and showed it also reduced FDPS mRNA

and protein in a dose-dependent manner in PC3 cells (Figure 1A

lower panel; Supplementary Figure 4).
Vd2 T cell cytotoxicity against PC3 and
Huh-7 cancer cell lines transduced with
the lentiviral vector LV-shFDPS and
treated with zoledronic acid (ZA)

To determine whether transduction of cancer cells with the

lentiviral vector LV-shFDPS can activate Vd2 T cells, we

measured cytokine production and cell lysis by Vd2 T cells co-

cultured with LV-shFDPS transduced PC3 and Huh-7 cells.

Activation of Vd2 T cells was indicated by increased

production of the proinflammatory cytokines IFNg or TNFa.
PC3 or Huh-7 cells were transduced with either LV-shFDPS or

LV-Control (LV) for 48 h followed by ZA (1 mM) treatment for

24 h. The ZA dose of 1 mM was used because this is in the range

of vivo bioavailability (50). The cell lines were co-cultured with

Vd2 T cells for 4 h and analyzed subsequently for Vd2 and TNFa
expression. By gating IFNg positive cells among the Vd2
population, activation of Vd2 T cells was indicated by IFNg
expression. In PC3 cells, the percentage of IFNg producing cells
was 9.59 (LV (control vector) + ZA), 1.28 (LV-shFDPS) and 30.9

(LV-shFDPS + ZA) (Figure 2A upper panel).

In Huh-7 cells, the percent positive of IFNg producing cells

was 38.9 (LV + ZA), 49.3 (LV-shFDPS), and 76.3 (LV-shFDPS +

ZA) (Figure 2A lower panel). Donor-specific variation was

controlled by testing expanded Vd2 T cells (60-80%) from

multiple, unrelated donors. The activity of LV-shFDPS and

ZA treatment was evaluated by co-culture of Vd2 T cells with

PC3 and Huh-7 cells for 4 h, followed by flow cytometry analysis

for Vd2 and TNFa expression. The data represents a summary

of assays using Vd2 T cells from multiple donors (PC3, N=56;

Huh-7, N=39). Each dot represents the percentage of Vd2 and

TNFa positive cells from an individual donor. In PC3 cells, the

average percent positive of TNFa producing cells was 12 ±

10.9% (LV + ZA), 4.8 ± 4.3% (LV-shFDPS), and 38.6 ± 16.3%

(LV-shFDPS + ZA) (Figure 2B). In Huh-7 cells, the average

percentage of cells positive for TNFa expression was 16.1±

15.9% (LV + ZA), 20 ± 10.8% (LV-shFDPS), and 36.9± 23.1%

(LV-shFDPS + ZA) (Figure 2C). The results show that treatment

of PC3 and Huh-7 cells with either LV-shFDPS or ZA alone was

insufficient to fully activate Vd2 T cells and the highest levels of
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cell activation occurred with the combined treatments. Similar

results were seen with HepG2, MDA-MB-231, MiaPaCa, A549,

and FaDu cells (Supplementary Figure 2).

The cytolytic activity of Vd2 T cells by LV-shFDPS and ZA

treatment of PC3 and Huh-7 cells was tested using a Calcein AM

assay. PC3 or Huh-7 cells were treated with LV-shFDPS or ZA

alone or in combination and then loaded with Calcein AM

before incubating with Vd2 T cells in various effector to target

ratios (E: T) for 4 h. The supernatant from these co-cultures was

evaluated for the presence of Calcein AM, which is indicative of

tumor cell lysis. The results were analyzed, and the percent

specific lysis values were calculated. At an E:T ratio of 2.5:1 for

Vd2 T cells to PC3 cells, the percent lysis was 22.2 ± 1.1% (LV),

45.1 ± 1.4% (LV + ZA), 38.8 ± 2.8% (LV-shFDPS), and 70.9 ±

3.1% (LV-shFDPS + ZA) (Figure 2D). At an E:T ratio of 2.5:1 for

Vd2 T cells to Huh-7 cells, % lysis was 15.6 ± 5.6% (LV), 31.0 ±

1.0% (LV + ZA), 37.3 ± 1.4% (LV-shFDPS), and 48.4 ± 6.1%

(LV-shFDPS + ZA) (Figure 2E). Vd2 T cells showed the highest

cytokine production and cytotoxicity against PC3 and Huh-7

cells treated with both LV-shFDPS and ZA as compared with

each alone.
The effect of Vd2 T cells on PC3 tumors
modified by the lentiviral vector LV-
shFDPS in immunodeficient mice

A xenotransplant mouse tumor model using NSG

immunodeficient mice was used to evaluate the anti-tumor

activity of Vd2 T cells against PC3 tumors transduced with

LV-shFDPS at an MOI of 5. PC3 cells were injected into the

flanks of mice and grown to a size of 200-300 mm3. Expanded

Vd2 T cells (6-10 X 106) were injected weekly by intraperitoneal

(IP) delivery. One group of mice additionally received ZA

injections also given by IP. Mice were monitored for health

and tumor volume was measured twice weekly until conclusion

of the study. LV-shFDPS transduced tumors grew slower than

the LV-Control (LV) tumors, but at the end of the study reached

a similar average tumor volume which was not significantly

different (ns p=0.5967, N=8) (Figure 3A). PC3 cells transduced

with LV-shFDPS significantly suppressed tumor growth with or

without ZA treatment after Vd2 T cell injections (* p=0.0155, **

p=0.0037, N=8). At the end of the study, 36 days post 1st Vd2
injection, the average tumor volume for LV-shFDPS was 1680 ±

166 mm3 which was reduced to 795 ± 193 mm3 when combined

with Vd2 treatment (Figure 3A). Therefore, LV-shFDPS alone

decreased the growth of PC3 tumors, but this was further

increased when combined with Vd2 T cells.

A Kaplan Meier survival analysis was done with the end

point being the number of days after the initial injection of

Vd2 T cells before the tumor reached 2000 mm3. There was a

significant survival advantage in mice with PC3 tumors

transduced with LV-shFDPS and treated with Vd2 T cells as
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compared with no Vd2 T cells (**** p<0.0001, N=8)

(Figure 3B). All mice with LV (control) transduced PC3

tumors with or without treatment of Vd2 T cells had been

euthanized by day 22. In mice implanted with LV-shFDPS

transduced PC3 tumors, mice survived to day 44, and with

Vd2 T cell treatment all mice were still alive on day

60 (Figure 3B).
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Since the lentiviral vectors used in this mouse study also

carried the firefly luciferase gene, bioluminescence imaging

could be used to monitor tumor growth. Bioluminescence

images of LV-shFDPS transduced PC3 tumors were captured

on days 11 and 28 after the initial injection of Vd2 T cells

(Figure 3C). By day 11, mice had been injected twice with Vd2 T
cells but there were no differences in photon levels between the
B C

D E

A

FIGURE 2

Vd2 T cells increase cytokine production and cytotoxic activity when cultured with cancer cells treated with low-dose zoledronic acid (ZA) and
transduced with shFDPS. (A) Representative flow cytometry dot plots from PC3 and Huh-7 cells transduced with LV-shFDPS in the presence or
absence of ZA for overnight, followed by co-culture with Vd2 T cells for 4 h. The gated region indicates the Vd2 and IFNg positive population. In
PC3 cells, the percent positive of IFNg producing cells was 9.59 (LV + ZA), 1.28 (LV-shFDPS), and 30.9 (LV-shFDPS + ZA). In Huh-7 cells, the
percent positive of IFNg producing cells was 38.9 (LV + ZA), 49.3 (LV-shFDPS), and 76.3 (LV-shFDPS + ZA). (B, C) LV-shFDPS transduced PC3
and Huh-7 cells were treated either with or without ZA for overnight, followed by co-culture with Vd2 T cells for 4 h. The cells were analyzed
by flow cytometry for Vd2 and TNFa expression. The data represents a summary of assays using Vd2 T cells from multiple donors (PC3, N=56;
Huh-7, N=39). Each dots represents the percentage of Vd2 and TNFa positive cells from an individual donor. In PC3 cells, the percent positive
of TNFa producing cells was 12 ± 10.9% (LV + ZA), 4.8 ± 4.3% (LV-shFDPS), and 38.6 ± 16.3% (LV-shFDPS + ZA). In Huh-7 cells, the percent
positive of TNFa producing cells was 16.1 ± 15.9% (LV + ZA), 20 ± 10.8% (LV-shFDPS), and 36.9 ± 23.1% (LV-shFDPS + ZA). (D, E) LV or LV-
shFDPS transduced PC3 and Huh-7 were treated either with or without ZA for overnight as the target cells and labeled with calcein AM. This
was followed by culturing the target cells with a serial dilution of Vd2 effector cells in target ratios (E/T) for 4 h. All co-cultures were performed
in triplicate. Cell lysis was measured by the level of fluorescent calcein AM detected in the supernatant.
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LV and LV-shFDPS tumor groups. On day 28, the mice had

been injected 4 times with Vd2 T cells and there was a significant

reduction in photon levels from 1.4 X 107 to 2.5 X 104 in the LV

tumors compared with tumors bearing the LV-shFDPS (**

p=0.002, N=6) (Figure 3D).

At the end of the study, all mice were sacrificed when PC3

tumors reached 2000 mm3; tumors were collected and weighed.

There were significantly lower weights for the LV-shFDPS
Frontiers in Immunology 08
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tumors; from 1.5 to 0.5 g (3-fold decrease) in mice treated

with Vd2 T cells (*** p=0.0002, N=8) (Figure 3E). The results

demonstrated that treatment of PC3 tumors with LV-shFDPS

and Vd2 T cells lead to PC3 tumor growth suppression. Tumors

were also analyzed by flow cytometry for the presence of Vd2 T
cells. Vd2 T cells were detected in both LV-shFDPS transduced

tumors after an injection of 8 million Vd2 T cells

(Supplementary Figure 3).
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FIGURE 3

Vd2 T cells suppress the growth of PC3 prostate carcinoma tumors transduced with a lentivirus expressing a shRNA targeting FDPS. (A) Vd2 T
cells significantly suppressed the growth of PC3 tumors transduced with LV-shFDPS as compared with LV (**p<0.0037, N=8). At the end of the
study, 36 days post Vd2 injection, the average tumor volume for LV-shFDPS was 1680 ± 166 mm3 which was reduced to 795 ± 193 mm3 when
combined with Vd2 treatment. There was minimal effect on tumor volume with ZA treatment with or without LV-shFDPS. (B) An analysis using a
Kaplan-Meier survival curve was based on the end event being when the tumor size reached 2000 mm3. There was a significant survival
advantage in mice with PC3 tumors transduced with LV-shFDPS and treated with Vd2 T cells as compared with no Vd2 T cells (****p < 0.0001,
N=8). All mice with LV transduced PC3 tumors with or without treatment of Vd2 T cells were sacrificed up to day 22. In mice with LV-shFDPS
transduced PC3 tumors, mice survived up to day 44, and with Vd2 T cell treatment all mice survived up to day 60. (C, D) Mice were imaged for
luciferase expression with a Xenogen IVIS200 bioluminescent imager. All tumor groups showed a similar photon intensity 11 days after the initial
injection of Vd2 T cells. On day 28, in the mice injected four times with Vd2 T cells, the photon intensity of LV-shFDPS transduced PC3 tumors
as compared with LV was significantly decreased from 1.4 X 107 to 2.5 X 104 photon units (**p=0.002, N=6). (E) Comparison of LV and LV-
shFDPS transduced PC3 tumors in combination with Vd2 T cell treatment. At the end of the study, each group of mice (N=7 or 8) were
euthanized, tumors were extracted and weighed. In mice injected four times with Vd2 T cells, the tumor weight of LV-shFDPS transduced PC3
tumors was significantly decreased as compared with LV from 1.5 to 0.5 g (***p=0.0002, N=8). ns, not significant.
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Effects of Interleukin-2 (IL2) on the anti-
tumor activity of Vd2 T cells against PC3
tumors modified by the lentiviral vector
LV-shFDPS in immunodeficient mice

IL2 is used frequently to increase the activation and

proliferation of Vd2 T cells. We tested if adding an IL2 gene

to LV-shFDPS and expressing both in a tumor cell line, would

increase Vd2 T cell activity in a coculture assay. PC3 cells were

transduced with 5 MOI of LV-shFDPS-IL2 lentiviral vector and

secreted IL2 was detected in cell culture medium by ELISA. The

mean concentration of IL2 in culture medium was 52 ng/mL

from 4 replicates as determined with a standard curve

(Figure 4A). Next, we determined if LV-shFDPS-IL2 produced

active IL2. We compared LV-shFDPS and LV-shFDPS-IL2

transduced PC3 cells for the ability to stimulate IFNg
expression in co-cultured Vd2 T cells. The frequency of Vd2 T

cells expressing IFNg was higher when tumor cells were cultured

with LV-shFDPS-IL2 (16.6%) compared to tumor cells

transduced with LV-shFDPS (10.7%) (Figure 4B).
Frontiers in Immunology 09
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Expressing IL2 from LV-shFDPS transduced PC3 tumors

impacted the growth of tumors in NSG mice treated with Vd2 T
cells. Mice were inoculated with 3 X 106 LV-shFDPS or LV-

shFDPS-IL2 transduced PC3 cells. Once tumor volumes reached

200-300 mm3, each group of mice were distributed into two

subgroups. One subgroup (N=8) was injected intraperitoneally

with 6-10 X 106 Vd2 T cells and the other group was injected

with vehicle (N=8). One group of mice was injected with Vd2 T
cells once a week for a total of four weeks. Mouse body weights

and tumor volumes were measured twice a week and the animals

were euthanized when tumors reached 2000 mm3 or at the end

of the study. At the end of the study, 39 days after the 1st Vd2 T
cell injection, the average tumor volume for LV-shFDPS and

LV-shFDPS-IL2 was 1835 ± 289 and 1900 ± 210 mm3 which was

reduced to 356 ± 140 mm3 and 116 ± 55 mm3 when combined

with Vd2 T cell treatment, respectively (Figure 4C). In mice

treated with Vd2 T cells, the growth of PC3 tumors transduced

with LV-shFDPS or LV-shFDPS-IL2 were significantly

suppressed compared with mice that did not receive Vd2 T

cells (**** p=0.0001, *** p=0.001, N=8) (Figure 4C). However,
B
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FIGURE 4

Vd2 T cells suppress the growth of PC3 prostate carcinoma tumors transduced with a lentivirus expressing IL-2 and a shRNA targeting FDPS.
(A) ELISA analysis of secreted IL2 expression by PC3 cells transduced with LV-shFDPS-IL2. (B) Representative flow cytometry dot plots from PC3
cells transduced with LV-shFDPS or LV-shFDPS-IL2, followed by co-culture with Vd2 T cells for 4 h. The gated region indicates the Vd2 and IFNg
positive population. The percent positive of IFNg producing cells was 10.7 (LV-shFDPS) and 16.6 (LV-shFDPS-IL2). (C) Tumor volume of PC3 cells
transduced with LV-shFDPS or shFDPS-IL2. In mice treated with Vd2 T cells, the tumor volume of PC3 cells transduced with LV-shFDPS was
significantly decreased at the end of the study from 1900 mm3 to 356 mm3 and with LV-shFDPS-IL2 from 1835 mm3 to 116 mm3 (****p=0.0001,
***p=0.001, N=8). There was no significant difference when comparing LV-shFDPS and LV-shFDPS-IL2 (ns p=0.743, N=8). (D) Comparison of LV,
LV-shFDPS, and LV-shFDPS-IL2 transduced PC3 tumors in combination with Vd2 T cell treatment. At the end of the study, each group of mice
(N=8) were euthanized, tumors were extracted and weighed. There was a significant decrease in tumor weight of PC3 tumors transduced with LV-
shFDPS when treated with Vd2 T cells from 1.25 g to 0.23 g (5.5-fold decrease, ****p<0.0001, N=8). The addition of IL2 in the LV-shFDPS vector
also significantly decreased tumor weight in mice treated with Vd2 T cells as compared with LV-shFDPS-IL2 alone from 1.31 g to 0.04 g. There was
also a significant 6-fold decrease in the tumor weight of LV-shFDPS-IL2 vs LV-shFDPS groups with Vd2 T cells (* p=0.012, N=8). ns= not significant.
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there was no significant difference in tumor volume when

comparing LV-shFDPS and LV-FDPS-IL2 (ns p=0.743, N=8)

(Figure 4C). Tumor weights were determined for excised tumors

collected during necropsy. There was a significant decrease in

tumor weight for the LV-shFDPS vs LV-shFDPS + Vd2 groups

from 1.25 to 0.23 g (5.5-fold decrease) and 1.31 to 0.04 g (32-fold

decrease) for the LV-shFDPS-IL2 vs LV-shFDPS-IL2 + Vd2
groups (**** p<0.0001, **** p<0.0001, N=8) (Figure 4D). There

was also a significant 6-fold decrease in the tumor weight of LV-

shFDPS-IL2 + Vd2 vs LV-shFDPS + Vd2 groups (* p=0.012,

N=8) (Figure 4D). Therefore, IL2 enhanced Vd2 T cell activity

and suppressed the growth of PC3 tumors when FDPS

expression was reduced by shRNA. Notably, 4 out of 8 mice

bearing LV-shFDPS-IL2 modified tumors lost weight and died 3

weeks after the initial injection of Vd2 T cells. The cause of death

was suspected to be a form of tumor lysis syndrome, but the

pathology was not definitive. Tumor volume measurements for

the mice that died were included up to the point of death and

only 4 surviving mice to the end of the study were included in

the tumor weight measurements.
Effects of Vd2 T cells on LV-shFDPS
transduced Huh-7 tumors in
immunodeficient mice

Next, we examined the effect Vd2 T cells have on another

xenotransplant model, this time using Huh-7 hepatocellular

carcinoma tumor cells transduced with LV-shFDPS and

implanted in NRG mice. The Huh-7 cells were transduced

with either LV or LV-shFDPS and cells were injected into the

flanks of NRG mice in the following numbers: 2 X 106 LV

(N=10), 2 X 106 LV-shFDPS (N=10), or a 1:1 mixture of 1 X

106 LV + 1 X 106 LV-shFDPS (N=10; designated 50%

transduced mice). A week after injection, all mice were

injected once a week with 7 X 106 Vd2 T cells by IP delivery

and half of the mice received ZA treatment for 5 weeks. There

was a significant decrease in tumor volume in mice with 100%

LV-shFDPS transduced cells and treated with ZA as compared

with LV transduced cells (** p=0.001, N=5) (Figure 5A).

Additionally, there was a significant decrease in the volume

of tumors containing 100% LV-shFDPS transduced cells

without ZA as compared with LV transduced cells (*

p=0.014, N=5) (Figure 5A). The tumor volumes in mice

implanted with 100% LV-shFDPS transduced cells were

significantly lower than in mice who received 50%

transduced cells (* p=0.024, N=5) (Figure 5A). The Kaplan

Meier survival curve was based upon the event when tumors

reached 2000 mm3. There was a significant survival advantage

for mice with Huh-7 tumors transduced with LV-shFDPS as

compared with LV in the presence of Vd2 T cells (****

p<0.0001, N=5). Additionally, there was a significant survival

advantage for mice with 100% versus 50% LV-shFDPS
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transduced tumors in the presence or absence of ZA. (**

p=0.0089, ** p=0.0048, N=5). The survival curve showed that

mice with LV transduced tumors were sacrificed 21 days after

the initial injection of Vd2 T cells and mice with 100% and 50%

LV-shFDPS transduced tumors remained alive at the end of the

study on day 37 (Figure 5B). At the end of the study, 23 days

following the initial Vd2 T cell injections, mice were

euthanized, and tumors were removed and weighed. The

average tumor weights were 2.3 ± 0.4 g (LV), 1.9 ± 0.2 g

(50% LV-shFDPS) 1.6 ± 0.4 g (50% LV-FDPS + ZA), 1.0 ± 0.3 g

(100% LV-shFDPS), and 0.4 ± 0.1 g (100% LV-FDPS + ZA)

(Figure 5C). The tumor weights of the 100% LV-shFDPS and

100% LV-shFDPS + ZA group were significantly decreased by

2.3 and 5.75-fold, respectively, compared with LV (* p=0.045,

** p=0.003, N=5) (Figure 5C). The tumor weights of the 100%

LV-shFDPS + ZA group also showed a significant decrease

compared with 50% LV-shFDPS + ZA (* p=0.0237, N=5)

(Figure 5C). In rough terms, the therapeutic effects among

animals with 50% transduced tumors were half the levels

observed for animals with 100% uniformly transduced tumors.
Effects of Vd2 T cells on Huh-7 tumors
by intra-tumoral (IT) injection
of LV-shFDPS

The possibility of using a lentiviral vector for in vivo

treatment of human cancer will depend on the efficiency of IT

injection. To mimic the clinical procedure, we performed a pilot

experiment using intratumoral (IT) injection of LV-shFDPS in

Huh-7 tumors in combination with Vd2 T cells. NSG mouse

were injected subcutaneously with 2 X 106 Huh-7 cells in the

right flank. Three weeks after injection, the average tumor sizes

ranged from 100-900 mm3; mice were placed into two groups

with roughly equal distribution of starting tumor sizes. One

group of tumors (N=8) were injected daily with 60 mL of LV and

the other group (N=8) with 60 mL of LV-shFDPS for three

consecutive days. Five days after IT injection of LV or LV-

shFDPS, mice were injected with 7 X 106 Vd2 T cells twice a

week for a total of 4 weeks. Although the LV-shFDPS tumors

(1934 ± 181 mm3) grew slower than LV tumors (2785 ± 447.

mm3), the overall tumor volume showed no significant

differences between LV and LV-shFDPS at the end of the

study (ns p=0.108, N=8) (Figure 5D). It may be due to an

insufficient amount of LV-shFDPS injected into the tumors that

the effect of treatment on tumor growth with Vd2 T cells was

limited. Since LV and LV-shFDPS contain the luciferase gene,

the injected lentiviral vector could be detected by

bioluminescence imaging. Bioluminescent imaging

demonstrated that tumors injected with LV-shFDPS showed

an average decrease in photon intensity from 8.8 X 106 to 5.6 X

106 from day 34 to day 42 but this was not significant (ns

p=0.107, N=8) (Figure 5E).
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Discussion

A distinguishing feature of human Vd2 T cells is the

capacity for T cell receptor-dependent sensing of metabolic

changes in malignant tissues, specifically the upregulation of

mevalonate pathway flux signaled by increased levels of IPP.

Several groups have appreciated the potential for exploiting the
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unique specificity of Vd2 T cells for cancer therapy. Here, we

explored the potential for enhanced recognition and

destruction of tumors following direct genetic manipulation

of tumor cells to increase IPP levels. We demonstrated

significantly enhanced potency of Vd2 T cells from healthy

donors for suppressing growth of genetically modified as

compared to unmodified tumor cells in vivo. We further
B

C D

E

A

FIGURE 5

Vd2 T cells suppress the growth of Huh-7 hepatocellular tumors transduced with a lentivirus expressing a shRNA targeting FDPS. (A) Tumor
volume in mice with LV, 100% LV-shFDPS or 50% LV-shFDPS transduced Huh-7 cells in the presence or absence of ZA. The tumor volume of
100% LV-shFDPS and 50% LV-shFDPS tumors was decreased as compared with LV tumors in the presence or absence of ZA. There was a
significant decrease in tumor volume in mice with 100% LV-shFDPS and treated with ZA or without ZA as compared with LV tumors (**
p=0.001, *p=0.014, N=5). The tumor volumes in mice implanted with 100% LV-shFDPS transduced cells were significantly lower than in mice
who received 50% transduced cells (*p=0.024, N=5). (B) A Kaplan-Meier survival curve of mice which were transplanted with LV, LV-shFDPS, or
50% LV-shFDPS transduced Huh-7 cells in the presence or absence of ZA. Each group of mice (N=5) was euthanized when tumors reached
2000 mm3. The survival of mice with LV transduced tumors was reduced versus mice with LV-shFDPS and 50% LV-shFDPS transduced tumors
in the presence or absence of ZA. There was a significant survival advantage for mice with Huh-7 tumors transduced with LV-shFDPS as
compared with LV (****p<0.0001, N=5). Additionally, there was a significant survival advantage for mice with 100% versus 50% LV-shFDPS
transduced tumors in the presence or absence of ZA. (**p=0.0089, **p=0.0048, N=5). (C) Tumor weight of mice with LV, 100% LV-shFDPS or
50% LV-shFDPS transduced Huh-7 cells in the presence or absence of ZA. Each group of mice (N=5) were euthanized and tumors were
extracted and weighed. The tumor weight of 100% LV-shFDPS and 50% LV-shFDPS tumors was decreased versus LV tumors in the presence
and absence of ZA. The tumor weights of the 100% LV-shFDPS and 100% LV-shFDPS + ZA group were significantly decreased by 2.3 and 5.75-
fold, respectively, compared with LV (* p=0.045, ** p=0.003, N=5). The tumor weights of the 100% LV-shFDPS + ZA group also showed a
significant decrease compared with 50% LV-shFDPS + ZA (* p=0.0237, N=5). (D) Volume of Huh-7 tumors in mice injected intratumorally with
LV and LV-shFDPS. At the end of the study, 22 days post Vd2 injections, the tumor volume decreased from 2785 ± 181 mm3 to 1934 ± 447 mm3

in LV versus LV-shFDPS injected tumors (ns p=0.108, N=8). (E) Mice were imaged for luciferase expression with a Xenogen IVIS200
bioluminescent imager. The photon intensity of tumors injected with LV was not significantly different from day 34 to 42 after treatment with
Vd2 T cells, whereas there was a decrease in the photon intensity of tumors injected with LV-shFDPS from 8.8 X 106 to 5.6 X 106 from day 34 to
42 (ns p=0.107, N=8). ns, not significant.
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demonstrated the dose dependence of Vd2 T cell tumor

suppression, by varying the proportion of tumor cells

expressing shFDPS needed to increase IPP levels. The

inefficient suppression of tumor growth after intratumoral

injection of the lentivirus vector may be a further

demonstration of dose dependency, although the pilot studies

presented here are not conclusive. Lastly, we confirmed that

dual targeting of FDPS activity, by reducing mRNA and protein

levels plus adding the competitive enzyme inhibitor zoledronic

acid, increased the potency for Vd2 T cells suppression of tumor

cell growth. These findings provide insight into the possibility

of combining genetic and small molecule therapies with, ex vivo

expanded Vd2 T cells, in a cancer therapy regimen.

There are several limitations to these studies. While group

sizes were generally sufficient at 8-10 mice per group, we did not

explore a broad range of mixed tumors (cells with or without

shFDPS expression) and definitive conclusions about the

relationship between vector dose and tumor suppression are

not warranted at this time. Experiments with lentivirus vectors

expressing both shFDPS and IL2 were limited in numbers and

the precise cause of animal deaths was uncertain, although we

note that the vector construct was not toxic as animal deaths

occurred only after infusing Vd2 T cells. In this context we did

not test mixtures of individual vectors (LV-shFDPS + LV-

shFDPS-IL2 in varying ratios) to see whether a lower

proportion of IL2 producing tumor cells would support Vd2 T

cells effects without the associated toxicity. Finally, the

intratumoral injection pilot studies are likely to require

multiple repetitions and perhaps alternate delivery sites

or methods.

Our key findings are that genetic manipulation of tumor

cells increases the potential for Vd2 T cell activation and tumor

suppression in vivo. Tumor suppression occurred in the absence

of IL-2 treatment, although co-expressing IL-2 with shFDPS on

the same vector appears to have increased potency. Dual

targeting of FDPS activity, using LV-shFDPS plus ZA

increased tumor suppression but the added benefit of adding

ZA was modest compared to what was observed for dual

targeting in vitro.

Several published studies explored the effects of N-

bisphosphonate (NBP) treatment in combination with Vd2 T

cells in mouse models. For example, Kabelitz et al. tested

whether NBP alendronate plus IL2 suppressed the growth of

the melanoma cell line MeWo in NSG mice treated with Vd2 T

cells (46). Santolaria et al. tested the NBP pamidronate plus Vd2
T cells on the prostate adenocarcinoma cell line PC3 in NSG

mice (51). These studies demonstrated decreased tumor growth

when Vd2 T cells were administered to NBP treated mice and

the effect was greater with repeated treatment of both NBP and

Vd2 T cells. The therapeutic effect of Vd2 T cells on LV-shFDPS

modified PC3 or Huh-7 tumors was at least as potent as treating

mice with Vd2 T cells and alendronate plus IL-2 (46) or

pamidronate (51). In most cases, mouse survival was better
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and tumor weights were reduced more in mice with LV-shFDPS

modified tumors treated with Vd2 T cells; with or without the

NBP zoledronic acid had little impact on tumor growth and

mouse survival.

The cytokine IL2 stimulates expansion and Vd2 T cell

cytotoxic activity. We observed that PC3 cells transduced with

LV-shFDPS-IL2 as compared with LV-shFDPS stimulated more

IFNg production. Additionally the growth of PC3 tumors with

LV-shFDPS-IL2 was decreased as compared with LV-FDPS in

combination with Vd2 T cells. However, we observed weight

loss in some mice with LV-FDPS-IL2 transduced tumors, which

may be caused by a supraphysiological level of circulating IL2 in

the mice. In mice injected with a mixture of cells, 50% LV-

FDPS-IL2 + 50% LV, there was no weight loss or deaths

observed (data not shown). This suggests that the optimum

level of IL2 can enhance the activity of Vd2 T cell activity

without causing toxicity. In the current vector, IL2 expression is

being controlled by the strong CMV promoter, but weaker

promoters or promoter regulatory units could be engineered

into the vector for future studies.

Several groups have conducted exploratory clinical trials to

evaluate the potential for activating Vd2 T cells for cancer

therapy. Zoledronic acid plus IL-2 therapy was tested in male

patients with hormone-refractory prostate cancer (23). A similar

approach was used to treat patients with advanced renal cell

carcinoma (52) along with many other studies summarized in

recent reviews. Recent reports evaluated Vd2 T cell therapies

providing positive outcomes in late-stage lung or liver cancer

(53), treatment refractory lung cancer (54), cholangiocarcinoma

(55), and gastric carcinoma (56). A meta-analysis of 13 clinical

trials involving Vd2 T cell therapy, either adoptive transfer of ex

vivo expanded Vd2 T cells or in vivo activation of these cells

using PAg or bisphosphonate compounds, showed a significant

event rate for Vd2 T cell therapies and no significant association

with severe adverse events (57). These studies affirm an overall

view that Vd2 T cell therapies involving ex vivo or in vivo cell

activation and expansion, can provide positive therapeutic

benefit but overall have modest potency.

Our approach was to improve upon these preclinical results

by genetically targeting FDPS to further increase IPP levels in

tumor cells and promote their subsequent destruction by Vd2 T
cells (41). Thus, we are exploring the utility of a new tool for

manipulating the Vd2 T cell capacity for tumor suppression and

believe it can be combined with PAg or bisphosphonate

stimulation, IL-2 treatment and ex vivo expanded autologous

or allogeneic effector cells in a continuing effort to develop

potent treatment strategies.

Several major obstacles must be overcome to realize the

potential for gamma delta T cell-based cancer therapy. Use of

bisphosphonates drugs for in vivo stimulation of Vd2 T cells is

inefficient, possibly due to the unusual pharmacodynamics of

these drugs which precipitate in bone (58, 59) and cytokine

supplementation, using IL-2 or others, has inherent toxicity.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1012051
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liou et al. 10.3389/fimmu.2022.1012051
Activating Vd2 T cells by targeting butyrophilin complexes on

tumor cell membranes is an area of intense interest (60, 61) and

has potential for combining with a genetic approach to achieve

higher potency for tumor cell killing. The value for genetic

modification of tumor cells was demonstrated in our studies but

we recognize the potential for alternative approaches based on

the same underlying concept of decreasing FDPS enzyme

activity in tumor cells. Alternate approaches might involve the

use of tumor-specific oncoviruses expressing the shRNA specific

for FDPS, and direct delivery of shRNA to tumor cells is another

possibility for increasing treatment potency. By modifying

tumor cells through multiple, concurrent methods including

genetic modification, drug treatment and agonist antibodies or

antibody-like molecules, we hope to increase potency and fully

operationalize the power of Vd2 T cells and their capacity for

broad recognition of multiple tumor types.
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immune checkpoints and
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Daniele Grimaldi2, Ilaria Avonto3, Mattia D’Agostino4,
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Complessa (SC) Ematologia, Azienda Ospedaliero-Universitaria (AOU) Città della Salute e della
Scienza di Torino, Torino, Italy, 5Dipartimento di Oncologia, Università degli Studi di Torino,
Torino, Italy
Introduction: Bone marrow (BM) Vg9Vd2 T cells are intrinsically predisposed

to sense the immune fitness of the tumor microenvironment (TME) in

multiple myeloma (MM) and monoclonal gammopathy of undetermined

significance (MGUS).

Methods: In this work, we have used BM Vg9Vd2 T cells to interrogate the role

of the immune checkpoint/immune checkpoint-ligand (ICP/ICP-L) network in

the immune suppressive TME of MM patients.

Results: PD-1+ BM MM Vg9Vd2 T cells combine phenotypic, functional, and

TCR-associated alterations consistent with chronic exhaustion and immune

senescence. When challenged by zoledronic acid (ZA) as a surrogate assay to

interrogate the reactivity to their natural ligands, BM MM Vg9Vd2 T cells further

up-regulate PD-1 and TIM-3 and worsen TCR-associated alterations. BM MM

Vg9Vd2 T cells up-regulate TIM-3 after stimulation with ZA in combination with

aPD-1, whereas PD-1 is not up-regulated after ZA stimulation with aTIM-3,

indicating a hierarchical regulation of inducible ICP expression. Dual aPD-1/
aTIM-3 blockade improves the immune functions of BM Vg9Vd2 T cells in MM

at diagnosis (MM-dia), whereas single PD-1 blockade is sufficient to rescue BM

Vg9Vd2 T cells in MM in remission (MM-rem). By contrast, ZA stimulation
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induces LAG-3 up-regulation in BM Vg9Vd2 T cells fromMM in relapse (MM-rel)

and dual PD-1/LAG-3 blockade is themost effective combination in this setting.

Discussion: These data indicate that: 1) inappropriate immune interventions

can exacerbate Vg9Vd2 T-cell dysfunction 2) ICP blockade should be tailored to

the disease status to get the most of its beneficial effect.
KEYWORDS

Vg9Vd2 T cells, immune checkpoints (ICP), tumor microenvironment, multiple
myeloma, chronic exhaustion, immune senescence
Introduction

The discovery of immune checkpoints (ICP) and their role

as therapeutic targets has revitalized immunotherapy in cancer

(1). However, clinical results have been discontinuous with

major achievements in some diseases and negligible or

disappointing results in others (2–5). Both primary and

acquired resistance have been reported to hamper the efficacy

of ICP blockade, but the underlying mechanisms have only

partially been elucidated. Multiple myeloma (MM) is a paradigm

disease in which the immune system and the tumor

microenvironment (TME) play a major role in disease

progression (6–8). Several phenotypic and functional

alterations have been reported in innate and adaptive immune

effector cells, including the expression of ICP/ICP ligands in

myeloma cells and bystander cells in the TME (9–11). Despite

these favourable premises, single aPD-1 treatment has fallen

short of clinical expectations in MM, whereas clinical studies of

aPD-1 in combination with immunomodulatory drugs (IMiDs)

have been terminated ahead of time because of unexpected

toxicity in the experimental arm. These unsuccessfully

immune interventions have led to the premature termination

of alternative studies targeting the ICP/ICP-L network and

generated some reluctance in further pursuing this approach

due to the complexity of the tumor-host interactions in

MM (12).

Vg9Vd2 T cells from the bone marrow (BM) are excellent

tools to monitor the immune suppressive commitment and

decode the ICP/ICP-L network in MM patients (13). Vg9Vd2
T-cells are non-conventional T cells half-way between adaptive

and innate immunity with a natural inclination to react against

malignant B cells, including myeloma cells (14). This intrinsic

susceptibility is due to the enhanced cell surface expression of

stress-induced self-ligands and the intense production of

phosphorylated metabolites generated by the mevalonate

(Mev) pathway (14). Isopentenyl pyrophosphate (IPP) is the

prototypic Mev metabolite recognized by Vg9Vd2 T cells via the

combination of two immunoglobulin superfamily members,
02
86
butyrophilin 2A1 (BTN2A1) and BTN3A1. The former

directly binds the Vg9+ domain of the T cell receptor (TCR),

whereas the latter binds the Vd2 and g-chain regions on the

opposite side of the TCR (15–18). IPP is structurally related to

the phosphoantigens (pAgs) generated by bacteria and stressed

cells that are patrolled by Vg9Vd2 T cells as part of their duty to

act as first-line defenders against infections and stressed cell at

risk of malignant transformation (19). By interrogating the

reactivity of BM MM Vg9Vd2 T cells to IPP generated by

monocytes or dendritic cells (DC) after stimulation with

zoledronic acid (ZA), we have revealed a very early and long-

lasting dysfunction of BM Vg9Vd2 T cells which is already

detectable in monoclonal gammopathy of undetermined

significance (MGUS) and not fully reverted in clinical

remission after autologous stem cell transplantation (9).

Multiple cell subsets [myeloma cells, myeloid-derived

suppressor cells (MDSC), regulatory T cells (Tregs), BM-

derived stromal cells (BMSC)] are involved in Vg9Vd2 T-cell

inhibition via several immune suppressive mechanisms

including PD-1/PD-L1 expression (9, 10). Previous work from

our lab has shown that single PD-1 blockade improved ZA-

induced proliferation of BM MM Vg9Vd2 T cells from MM at

diagnosis (MM-dia). PD-1 blockade also increased CD107

expression suggesting improved effector functions, but both

proliferation and CD107 expression remained far from

standard values observed in BM Vg9Vd2 T cells from controls

(Ctrl) (9).

Recently, it has been reported that the expression of

additional ICP on immune effector cells can be involved in

acquired resistance to single ICP blockade. PD-1 and TIM-3 co-

expression has been reported in conventional T cells from

patients with solid cancers (20–23), AML (24), and MM (25–

27). PD-1 and TIM-3 co-expression has also been reported in

Vg9Vd2 T cells chronically exposed to infectious agents (28) or

to cancer cells in solid (29, 30) and blood tumors (31).

Exhaustion and immune senescence are other T-cell

dysfunctions which can potentially contribute to resistance to

ICP blockade (32–35).
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The aim of this work was to investigate the contribution of

ICP expression, exhaustion, and immune senescence to the

dysfunction of BM MM Vg9Vd2T cells and to envisage

possible interventions, correlated with the disease status, to

overcome the immune suppressive commitment operated by

the ICP/ICP-L network in the TME of MM patients.
Methods

Samples collection

Bone marrow mononuclear cells (BMMC) from BM

aspirates and autologous peripheral blood mononuclear cells

(PBMC) from MM patients at different stages of disease

(diagnosis: MM-dia; remission: MM-rem; relapse: MM-rel)

were used for the study. All experiments were performed with

BM samples from MM-dia unless otherwise specified. BMMC

from patients with hematological malignancies in unmaintained

molecular remission, frozen human normal BMMC purchased

from Stem Cell Technologies, and PBMC from healthy donors

attending the local Blood Bank were used as control (Ctrl). The

study was approved by institutional regulatory boards (n.176-19

December 11, 2019).
Cell surface and intracellular
flow cytometry

The monoclonal antibodies (mAbs) used in the study are

listed in Supplemental Table I. Cell surface and intracellular flow

cytometry were performed as previously reported (9). Vg9Vd2 T
cells were identified with aTCR Vg9 mAb conjugated with the

appropriate fluorochrome (FITC, PE, APC) depending on the

multicolor staining combination (see Supplemental Table I). We

have intentionally focused on Vg9Vd2 T cells because this is the

only gd T-cell subset directly activated by pAgs or indirectly

activated by ZA stimulation (36–38). Moreover, Vd2 chain is the

only one to combine with the Vg9 chain confirming that aTCR
Vg9 mAbs are reliable tools to identify Vg9Vd2 T cells (39).

Cytofluorimetric analyses were performed with FACS Calibur

Cell Sorter and FlowJo software (Becton Dickinson, Mountain

View, CA).
Vg9Vd2 T-cell proliferation, cytokine
release and degranulation

Cryopreserved or freshly isolated PBMC or BMMC from

MM patients and Ctrl were cultured for 7 days with 10 IU/ml IL-

2, and 1 µM ZA+10 IU/ml IL2. In selected experiments, cells

were cultured in the presence of aPD1 (10 mg/ml), aTIM-3 (10

mg/ml), aLAG-3 (10 mg/ml), or a combination thereof.
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Proliferation was evaluated by calculating total counts of viable

Vg9Vd2 T cells on day 7 with the trypan blue staining assay and

flow cytometry after gating for CD3 in combination with

appropriate aVg9 mAb. IL-17 production was evaluated in

freshly isolated BMMC after incubation with PMA (50 ng/ml)/

Ionomycin (1 mg/ml) for 4 hours at 37°C and 5% CO2 with

brefeldin (500 ng/ml) added during the last hour. IFN-g, and
CD107 expression were evaluated as previously reported (9).
Conventional T- cell proliferation

Conventional T-cell proliferation was measured by

carboxyfluorescein-diacetate-succinimidyl-ester (CFSE) dilution

assay. BMMC were suspended in warmed PBS at a concentration

of 10×106 cells/ml and labeled with 1 mMCFSE at 37°C for 15 min

in the dark. After quenching with FCS for 10 minutes in dark at 37°

C and washing with RPMI medium, cells were seeded at 1×106

cells/ml in 96‐well flat‐bottom plate and stimulated with aCD3 (1

mg/ml - BioLegend) and aCD28 (2 mg/ml - BioLegend) antibodies

for 72 h at 37°C. After 3 days, conventional T cells where harvested

and identified with aCD8 and aCD4 rather than aCD3 given the

down-modulation induced by aCD3/aCD28 stimulation and the

lineage discrimination capacity of CD4 and CD8 expression (40). In

selected experiments, the proliferation of BM CD4 and CD8 T cells

withaCD3 andaCD28 was performed in the presence (BMMC) or

absence of gd T cells (BMMC-gd-). Depletion was performed by

immune magnetic separation using Anti-pan-gd-conjugated
magnetic microbeads (Miltenyi Biotec, Germany #130-050-701).
Western blots

For Western blot experiments, gd T cells were purified by

immune magnetic separation using Anti-pan-gd-conjugated
magnetic microbeads (Miltenyi Biotec, Germany #130-050-

701). Purity was always > 90% by FITC-conjugated-Hapten

MicroBeads staining (Miltenyi Biotec, Germany #130-050-

701). After ZA stimulation, Vg9Vd2 T cells were the

predominant population also in MM patients who did not

respond to ZA stimulation (Supplemental Figure 1). Cells were

lysed in a MLB buffer (125 mM Tris-HCl, 750 mM NaCl, 1% v/v

NP40, 10% v/v glycerol, 50 mM MgCl2, 5 mM EDTA, 25 mM

NaF, 1 mM NaVO4, 10 mg/ml leupeptin, 10 mg/ml pepstatin, 10

mg/ml aprotinin, 1 mM phenylmethylsulphonyl fluoride, pH

7.5), sonicated and centrifuged at 13,000 × g for 10 min at 4°C.

Twenty mg of proteins from cell lysates were subjected to

Western blotting and probed with the antibodies listed in

Supplemental Table II. The proteins were detected by

enhanced chemiluminescence (Bio-Rad Laboratories). The

band density analysis was performed using the ImageJ

software (https://imagej.nih.gov/ij/) and expressed as arbitrary

units. The ratio band density of each protein/band density of
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tubulin (as housekeeping protein) was calculated in each

experimental condition. For untreated/baseline/unstimulated

cells, the band density ratio was considered 1. For the other

experimental conditions, the ratio was expressed as proportion

towards the ratio obtained in untreated cells.
ELISA

Supernatants (S/N) from Ctrl and MM BMMC stimulated

for 7 days with 10 IU/ml IL2, 1 µM ZA+10 IU/ml IL2 in the

presence or absence of aPD1 were collected and stored at -80°C.

The concentration of human IL27 was quantified in S/N by

enzyme-linked immunosorbent assay (ELISA) technology with

the IL-27 Human ELISA kit (Invitrogen; Catalogue number: #

BMS2085) according to manufacturer’s instructions.
Statistical analysis

The results are expressed as mean ± SE. Differences between

the groups have been evaluated with the one-way analysis of
Frontiers in Immunology 04
88
variance, and the Wilcoxon–Mann–Whitney non-parametric

test for paired or unpaired samples as appropriate and

considered to be statistically significant for p values <0.05.

Correlation analyses have been performed with the non-

parametric Spearman Rank Order test with a cut-off p

value <0.05.
Results

Dual PD-1/TIM-3 expression, functional
exhaustion, and immune senescence are
intertwined in BM MM Vg9Vd2 T cells

Figure 1A shows PD-1, TIM-3, LAG-3 and CTLA-4

expression in resting PB and BM Vg9Vd2 T cells from Ctrl

and MM patients. PD-1 and TIM-3 expression was significantly

higher in BM of MM patients than in Ctrl samples. After ZA

stimulation, BM MM Vg9Vg2 T cells further increased PD-1 (9)

and TIM-3 expression (Figure 1B), while the increase in BM Ctrl

Vg9Vd2 T cells was limited and significantly lower (Figure 1B).

Cytofluorometric analysis from one representative MM shows
A B

DC

FIGURE 1

ICP expression and subset distribution in resting and ZA-stimulated BM MM Vg9Vd2 T cells. (A) PD-1, TIM-3, LAG-3 and CTLA-4 expression in
resting PB and BM Vg9Vd2 T cells from healthy subjects (Ctrl) and MM at diagnosis. Bars represent mean values ± SE from 5 (BM Ctrl) to 30 (BM
MM) experiments. (B) PD-1 and TIM-3 expression are significantly increased after ZA stimulation in MM BM Vg9Vd2 T cells. Bars represent mean
values ± SE from 7 (BM Ctrl) to 30 (BM MM) experiments; (C) Cytofluorimetric analysis of PD-1 and TIM-3 co-expression in BM MM Vg9Vd2 T
cells from one representative MM after ZA stimulation. (D) TIM-3 expression in naive (CD27+ CD45RA+), central memory (CM) (CD27+
CD45RA-), effector memory (EM) (CD27- CD45RA-), and terminally differentiated effector memory (TEMRA) (CD27- CD45RA+) BM MM Vg9Vd2
T cells after ZA stimulation. CM BM MM Vg9Vd2 T cells show the highest TIM-3 expression. Bars represent mean values ± SE of 3 experiments.
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that PD-1 and TIM-3 are co-expressed by approximately 60% of

BM MM Vg9Vd2 T cells after ZA stimulation (Figure 1C). In

freshly isolated Vg9Vd2 T cells we have previously shown that

central memory (CM) Vg9Vd2 T cells display the highest PD-1

expression (9). After ZA stimulation, TIM-3 up-regulation was

documented in all Vg9Vd2 T-cell subsets with CM and naïve

Vg9Vd2 T cells showing slightly higher levels than effector

memory (EM) and terminally differentiated effector memory

(TEMRA) Vg9Vd2 T cells (Figure 1D). The gating strategy used

to investigate TIM-3 expression in Vg9Vd2 T-cell subsets is

shown in Supplemental Figure 2.

Figure 2A compares the expression of immune senescence

markers (33, 41, 42) in BM Ctrl and MM Vg9Vd2 T cells. BM

MM Vg9Vd2 T cells showed significantly higher CD57 and

CD160, and lower CD28 expression than BM Ctrl Vg9Vd2 T

cells, even if differences were not statistically significant. The

highest CD160 expression was observed in CM BM Vg9Vd2 T
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cells which is the cell subset with the highest PD-1 (9) and TIM-

3 expression (Figure 2B). Cytofluorometric analysis of CD160

and PD-1 co-expression in BM MM Vg9Vd2 T cells from one

representative sample is shown in Figure 2B (right panel).

Phosphorylated-gH2AX (p-gH2AX) is an early marker of

DNA damage associated to immune senescence (43). p-gH2AX

expression in BM Ctrl and MM-dia Vg9Vd2 T cells is shown in

Figure 2C (one representative experiment) and Figure 2D

(pooled data). These experiments were performed on purified

gd T cells. Both Vd1 and Vg9Vd2 subsets can be represented in

variable proportions in freshly purified gd T cells (day 0),

whereas after ZA stimulation Vg9Vd2 T cells become

predominant (Supplemental Figure 1) and any change should

be referred to these because they are the only gd T-cell subset

sensitive to ZA stimulation. In freshly isolated BM gd T cells, p-

gH2AX expression was slightly higher in MM than Ctrl, but the

difference was not statistically significant. After ZA stimulation,
A B DC

E F HG

FIGURE 2

ICP expression in BM MM Vg9Vd2 T cells is associated with chronic exhaustion and immune senescence markers. (A) CD57, CD160 and CD28
expression in BM Ctrl and BM MM Vg9Vd2 T cells. Bars represent mean values ± SE from 3 (BM Ctrl) to 50 (BM MM) experiments. Differences are
not statistically significant. (B) left: CM is the BM MM Vg9Vd2 T-cell subset with the highest CD160 expression. Bars represent mean values ± SE
of 8 experiments; right: cytofluorometric analysis of CD160 and PD-1 co-expression in BM MM Vg9Vd2 T cells from one representative sample.
(C) Western blot analysis of p-gH2AX expression in resting (upper panel) and ZA-stimulated (lower panel) Vg9Vd2 T cells from one representative
BM Ctrl and MM sample. Tubulin expression is shown to confirm equal protein loading per lane. (D) Densitometric analysis of pooled p-gH2AX
expression data in resting (day 0) and ZA-stimulated (day 7) BM Ctrl and MM Vg9Vd2 T cells. Bars represent mean values ± SE from 1 (BM Ctrl
and BM MM d0) to 4 (BM MM) experiments. (E) CD38, CD39, and CD73 expression in resting BM Ctrl and BM MM Vg9Vd2 T cells. Bars represent
mean values ± SE from 8 (BM Ctrl) to 40 (BM MM) experiments. (F) CFSE-based analysis of BM MM CD4+ and CD8+ proliferation after 72-hour
stimulation with aCD3 + aCD28 in the presence (BMMC) or absence (BMMC- gd- T-cell depleted) of BM Vg9Vd2 T cells. Bars represent mean
values ± SE of 3 experiments. (G) PD-L1 and GAL-9 expression in resting BM Ctrl and MM Vg9Vd2 T cells. Bars represent mean values ± SE from
4 (BM Ctrl) to 16 (BM MM) experiments. (H) Intracellular IL-17 expression in resting BM Ctrl and MM Vg9Vd2 T cells after PMA+ ionomycin
stimulation. Bars represent mean values ± SE from 3 (BM Ctrl) to 15 (BM MM) experiments.
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p-gH2AX expression was significantly increased in BMMM only

(Figures 2C, D).

IL-7 has been reported to mitigate the induction of immune

senescence of conventional T cells exposed to tumor cells (44,

45). We have investigated whether exogenous IL-7 could relieve

the immune dysfunction of BM MM Vg9Vd2 T cells, but we

have not observed any beneficial effect (data not shown).

Accumulating evidences indicate that Vg9Vd2 T cells can

exer t d i ff e rent funct ions depending on the loca l

microenvironment, including the ability to promote tumor

progression via the acquisition of regulatory or pro-tumoral

functions (46). Figure 2E shows the expression of CD38, CD39,

and CD73 in BM Vg9Vd2 T cells from Ctrl and MM patients.

These molecules cooperate in the induction of the immune

suppressive TME in MM via adenosine production (47). Only

CD38 was significantly up-regulated in MM compared with Ctrl,

whereas no differences were observed in CD39 and CD73

expression. The adenosine circuitry operated by CD38, CD39,

and CD73 is well known to contribute to the establishment of

the immune suppressive contexture in the TME of MM (47), but

our data indicate that Vg9Vd2 T cells are not directly involved in

this immune suppressive circuitry.

Lastly, BM MM Vg9Vd2 T cells did not show any

phenotypic and/or functional features consistent with

suppressor and/or pro-tumoral functions. The proliferation of

CD4+ and CD8+ T cells after aCD3/aCD28 stimulation was

similar in the presence or absence of gd T cells (Figure 2F).

Supplementary Figure 3A shows that proliferation of BM MM

CD4+ and CD8+ cells was similar or even better compared with

PB Ctrl CD4+ and CD8+ cells. Unlike BM Vg9Vd2 T cells, CD4

+ and CD8+ cell proliferation was not influenced by the disease

status (Supplementary Figure 3B), confirming the unique BM

MM Vg9Vd2 T-cell susceptibility to the immune suppressive

TME contexture.

The expression of PD-L1, GAL-9 and IL-17 characterizes

Vg9Vd2 T cells with pro-tumoral functions in the TME (48). As

shown in Figures 2G, H, the expression of GAL-9 and

cytoplasmic IL-17 was similar in BM Ctrl and MM Vg9Vd2 T

cells except for PD-L1 expression, which was slightly increased

in the former, but the difference was not statistically significant.

Representative dot plots of IL-17 expression in BMMM and Ctrl

Vg9Vd2 T cells are shown in Supplemental Figure 4.
Altered expression of TCR-associated
molecules in BM MM Vg9Vd2 T cells

ICP expression and immune senescence in T cells are

associated with defective intracellular TCR signaling (49, 50).

Figure 3A shows the expression of selected TCR-associated

molecules in purified BM gd T cells from one representative

Ctrl and MM patient on day 0 and after ZA-stimulation (day 7).

As reported above, both Vd1 and Vg9Vd2 cells are represented
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in freshly purified gd T cells (day 0), whereas Vg9Vd2 T cells are

predominant on day 7 and they are the only gd T-cell subset

engaged by ZA (Supplemental Figure 1). Pooled data are shown

in Figure 3B showing that BM MM Vg9Vd2 T cells had

significantly lower pAKT, higher PTEN, and lower pSTAT-1

expression on day 7 compared to BM Ctrl Vg9Vd2 T cells.

ZAP-70 and CD3-z chain are other TCR-associated

molecules defectively expressed in T cells from the TME of

mice and humans (51). ZAP-70 expression was significantly

lower in resting BMMM Vg9Vd2 T cells compared with PB and

BM Ctrl Vg9Vd2 T cells, but also with PB MM Vg9Vd2 T cells

(Figure 3C), further confirming the striking difference between

circulating vs TME-resident Vg9Vd2 T cells. Representative dot

plots are shown in Figure 3D. Paired analyses of Vg9Vd2+ and

CD3+ Vg9Vd2- cells showed that the mean ZAP-70 expression

was also significantly down-regulated in BM CD3+ Vg9Vd2- T
cells of MM patients with a wide range of expression in

individual samples (Supplemental Figure 5). A slight increase

was observed after ZA stimulation in Vg9Vd2 T cells from 3MM

patients with low ZAP-70 expression at baseline, but values

remained inferior to Ctrl values (Figure 3E). Unlike ZAP-70, the

proportion and MFI of CD3-z chain expression were not

different in PB and BM Ctrl and MM Vg9Vd2 T cells

(Supplemental Figure 6).
PD-1/TIM-3 cross-talk in BM MM
Vg9Vd2 T cells

It has been reported that TIM-3 up-regulation is involved in

the acquired resistance to PD-1 blockade (31, 52, 53). Thus, we

have investigated whether TIM-3 was involved in the incomplete

recovery of BM MM Vg9Vd2 T cells after ZA stimulation and

single PD-1 blockade. Figure 4A shows that both TIM-3

expression and MFI values were significantly up-regulated in

BM MM Vg9Vd2 T cells in the presence of aPD-1, whereas PD-
1 expression was slightly down-regulated after ZA stimulation in

the presence of aTIM-3, but the decrease was not statistically

significant. Representative cytofluorometric analyses of

increased TIM-3 up-regulation and PD-1 down-regulation are

shown in Figure 4A (right panel) and Figure 4B (right panel).

Next, we investigated whether dual PD1-/TIM-3 blockade

was more effective than single blockade. We evaluated the

proliferation (Figure 4C), IFN-g production (Figure 4D) and

CD107 expression (Figure 4E) in BM MM Vg9Vd2 T cells after

ZA stimulation in the presence of aPD-1, aTIM-3, and the

combination thereof. Representative cytofluorometric analyses

of increased IFN-g and CD107 expression in BMMMVg9Vd2 T
cells after dual blockade are shown in Figure 4D (right panel)

and Figure 4E (right panel). Our results indicate that dual

blockade PD-1/TIM-3 blockade is more effective than single

PD-1 or TIM-3 blockade in MM-dia to mitigate BM MM

Vg9Vd2 T-cell dysfunctions.
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Dual PD-1/TIM-3 blockade was also associated with a

partial recovery of TCR-associated alterations. Data from one

representative Ctrl and MM are shown in Figure 5A, while

pooled data from 2 paired experiments are shown in Figure 5B.

aPD-1 partially normalized pAKT and PTEN expression,

whereas aTIM-3 partially normalized pJAK1 and pSTAT1

expression. No antagonist, additive or synergistic effect was

observed suggesting that aPD-1 and aTIM-3 target mutually

exclusive TCR-associated molecules in BM MM Vg9Vd2 T cells.

Supplementary Figure 8 shows pooled data from unpaired

experiments after aPD-1 treatment only.
Intracellular PD-1/TIM-3 cross-talk is not
mediated by the IL-27/pSTAT1/T-bet or
the PI3K-AKT pathways

Next, we looked for possible intersections between the

intracellular pathways triggered by aPD-1 and aTIM-3. Previous
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work from Zhu C. et al. (54) has reported a cross-talk between

TIM-3 and PD-1 mediated by the IL-27/pSTAT1/T-bet axis. BM

MM Vg9Vd2 T cells showed the lowest T-bet (Figure 6A), and the

highest IL-27R expression (Figure 6B). This pattern has recently

been reported in severely exhausted T cells from the BM of patients

with AML in relapse after allogeneic transplantation (55). aPD-1
treatment did not increase T-bet and/or IL-27R expression in ZA-

stimulated BM Vg9Vd2 T cells (Figures 6C, D). Moreover, low IL-

27 levels were detected in the supernatants of BM MM Vg9Vd2 T
cells which were not modified by aPD-1 (Figure 6E).

The PI3K/Akt axis is another intracellular signalling

pathway connecting PD-1 and TIM-3 in tumor-infiltrating

lymphocytes from patients with head and neck cancer (53). In

these cells, TIM-3 up-regulation induced by aPD-1 can be

abrogated with LY294002, a broad PI3K inhibitor (53). Thus,

we evaluated whether aPD-1-induced TIM-3 up-regulation in

BM MM Vg9Vd2 T cells could be inhibited by single pSTAT-1

inhibition with fludarabine monophosphate (FAMP) (56), single

PI3K inhibition with LY294002, or the combination thereof.
A B
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FIGURE 3

Alterations of TCR-associated molecules in BM MM Vg9Vd2 T cells. (A) Western blot analysis of selected TCR-associated molecules (pAKT, AKT,
SHP2, PTEN, pJAK-1, JAK-1, pSTAT-1, STAT-1) in purified resting (day 0) and ZA-stimulated (day 7) BM gd T cells from one representative Ctrl
and MM. pAKT, pJAK and pSTAT-1 are down-regulated, whereas PTEN is up-regulated in resting BM MM gd T cells. These differences are
amplified after ZA stimulation (day 7). Tubulin expression is shown to confirm equal protein loading per lane. (B) Densitometric analysis of
pooled data from ZA-stimulated BM Ctrl and BM MM gd T cells confirms lower expression of pAKT, and pSTAT1, and higher PTEN expression in
BM MM gd T cells vs BM Ctrl gd T cells. Bars represent mean values ± SE from 1 (BM Ctrl d0 and BM MM d0) to 14 experiments (BM MM). (C)
ZAP-70 expression in resting PB and BM Vg9Vd2 T cells from Ctrl and MM patients. Bars represent mean values ± SE from 3 (BM Ctrl) to 25
experiments (BM MM); (D) cytofluorimetric analysis of ZAP-70 expression in Vg9Vd2 T cells from BM and PB MM Vg9Vd2 T cells and BM and PB
Ctrl; (E) ZAP-70 expression after ZA stimulation in Ctrl and MM BM Vg9Vd2T cells. Bars represent mean values ± SE from 2 (BM Ctrl) to 3
experiments (BM MM).
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Results shown in Figure 6F indicate that these pathways are not

druggable to prevent aPD-1-induced TIM-3 up-regulation in

BM MM Vg9Vd2 T cells.
Improved efficacy by tailoring ICP
blockade to the disease status

Next, we investigated whether the ICP/ICP-L immune

suppressive circuitry was influenced by the disease status. PD-

1 expression was significantly higher in MM-rel than in MM-dia,

while MM-rem showed intermediate values. By contrast, no

differences were observed in TIM-3 expression between MM-

dia, MM-rem, and MM rel (Figure 7A). We investigated whether

aPD-1 treatment induced TIM-3 up-regulation also in MM-rem
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and MM-rel. Figure 7B shows that TIM-3 was up-regulated in

MM-dia only, but not in MM-rem and MM-rel.

The effect of single or dual PD-1/TIM-3 blockade on ZA-

induced proliferation in BM MM Vg9Vd2 T cells in MM-dia,

MM-rem and MM-rel is shown in Figure 7C. BM Vg9Vd2 T

cells from MM-rem were the only ones to reach normal

proliferation values with single PD-1 or TIM-3 blockade, the

former being slightly more effective than the latter. Dual PD-1/

TIM-3 blockade was not superior to single blockade in MM-rem.

By contrast dual PD-1/TIM-3 blockade was more effective than

single blockade in MM-dia, the only clinical setting in which

aPD-1 induces TIM-3 up-regulation. BM Vg9Vd2 T cells from

MM-rel showed the worst anergy to single and dual blockade,

even if TIM-3 expression was similar to MM-dia and MM-rem

and was not up-regulated by aPD-1 (Figures 7A, B).
A B
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FIGURE 4

Intracellular cross-talk between PD-1 and TIM-3 in BM MM Vg9Vd2 T cells. (A) left: Percentage and MFI of TIM-3+ cells are significantly up-
regulated in BM MM Vg9Vd2 T cells after ZA stimulation in the presence of aPD1. Bars represent mean values ± SE of 6 experiments; right:
cytofluorimetric analysis of TIM-3 expression after ZA stimulation in the absence (upper panel) or in the presence (lower panel) of aPD-1 in one
representative experiment; (B) left: PD-1 expression is slightly down-regulated in BM MM Vg9Vd2 T cells after ZA stimulation in the presence of
aTIM-3, but the difference is not statistically significant. PD-1 expression is significantly up-regulated after ZA stimulation as already reported in
Figure 1B. Bars represent mean values ± SE of 5 experiments; right: cytofluorimetric analysis of PD-1 expression after ZA stimulation in the
absence (upper panel) or in the presence (lower panel) of aTIM-3 in one representative experiment; (C) ZA-induced BM MM Vg9Vd2 T-cell
proliferation in the absence or in the presence of aPD-1, aTIM-3 and the combination thereof. Bars represent mean values ± SEM of 5
experiments. (D) left: intracellular IFN-g production by ZA-stimulated BM MM Vg9Vd2 in the absence or in the presence of aPD-1, aTIM-3 and
the combination thereof. Bars represent mean values ± SEM of 4 experiments; right: cytofluorimetric analyses of IFN-g production in BM MM
Vg9Vd2 T cells after ZA stimulation in the absence (upper panel) or in the presence (lower panel) of dual PD1/TIM-3 blockade. (E) left: CD107
expression in ZA-stimulated BM MM Vg9Vd2 in the absence or in the presence of aPD-1, aTIM-3, and the combination thereof. Bars represent
mean values ± SE of 6 experiments; right: cytofluorimetric analyses of CD107 expression in BM MM Vg9Vd2 T cells after ZA stimulation in the
absence (upper panel) or in the presence (lower panel) of dual blockade PD1/TIM-3 blockade.
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These findings prompted us to investigate the expression of

additional ICP on BM MM Vg9Vd2 T cells in MM-rel.

Figure 7D shows that LAG-3 expression was similar in resting

(day 0) BM Vg9Vd2 T cells from MM-dia, MM-rem, and MM-

rel. After ZA stimulation, LAG-3 expression was slightly

increased in MM-dia, unmodified in MM-rem, and increased

in MM-rel, even if the differences was not statistically significant.

Next, we determined which PD-1/TIM-3/LAG-3 combination

was more effective to mitigate the anergy of BM Vg9Vd2 T cells

in MM-rel. Results shown in Figure 7E indicate that dual PD-1/

LAG-3 blockade was more effective than dual PD-1/TIM-3, dual

TIM-3/LAG-3, and even triple PD-1/TIM-3/LAG-3 blockade,

but still inferior to that reached in MM-rem after single PD-1 or

TIM-3 blockade, or MM-dia after dual PD-1/TIM-3 blockade.

These data confirm that the relapse is the most challenging

setting, and immune-based strategies should be delivered in

remission, when the immune suppressive TME commitment is

partially relieved.
Discussion

In this work, we have used Vg9Vd2 T cells as cellular

decoders to investigate the role played by the ICP/ICP-L

network in the TME of MM patients. A significant proportion
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of resting BM MM Vg9Vd2 T cells showed PD-1 and TIM-3 co-

expression, as previously reported in Vg9Vd2 T cells chronically

exposed to infectious agents (28) or to cancer cells in solid (29,

30) and blood tumors (31). PD-1 and TIM-3 co-expression is

considered a phenotypic hallmark of functional exhaustion (24,

26). However, multiple ICP expression is not sufficient per se to

identify functionally exhausted cells. One reason is that immune

competent T cells can also express ICP after activation, but in

this case ICP expression is transient and finalized to dampen T-

cell activation to prevent uncontrolled immune reactions and

autoimmunity. In contrast, ICP expression on chronically

activated T cells reflects a dysfunctional state induced by the

long-term exposure to antigens in the context of an

inappropriate microenvironment. We have previously shown

that BM MM Vg9Vd2 T cells are exposed to supra-physiological

IPP concentrations released in large amounts by BMSC and, to a

lower extent by myeloma cells (57). Thus, BM MM Vg9Vd2 T

cells fulfil the operational criteria of functionally exhausted cells

because: 1) PD-1/TIM-3 co-expression is associated with

functional dysfunctions; 2) functional dysfunctions are

observed after challenging the normal counterpart (i.e., BM

Ctrl Vg9Vd2 T cells) with the same antigen (i.e., ZA) in the

same microenvironment (i.e., BM) (58). After ZA stimulation,

BM MM Vg9Vd2 T cells further up-regulated PD-1 and TIM-3

expression. In mice, functionally exhausted cells are
A B

FIGURE 5

Alterations of TCR-associated molecules are mitigated by aPD-1 and/or aTIM-3. (A) Western blot analysis of pAKT, AKT, SHP2, PTEN, pJAK-1,
JAK-1, pSTAT-1, and STAT-1 expression in BM Ctrl and BM MM gd T cells from one representative experiment after ZA stimulation in the
absence or in the presence of aPD1, aTIM-3, and the combination thereof. Tubulin expression is shown to confirm equal protein loading per
lane. (B) Densitometric analysis of pooled data. Bars represent mean values ± SE of 2 experiments.
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hierarchically organized from progenitor to terminally

differentiated exhausted T cells (58), the latter being more

difficult to rescue than the former. Our data indicate that

inadvertent or inappropriate engagement of immune effector

cells can worsen functional exhaustion also in humans.

PD-1+ TIM-3+ BM MM Vg9Vd2 T cells expressed immune

senescence markers (33, 41, 42). Vg9Vd2 T cells from normal

individuals are particularly resistant to immune senescence due

to their peculiar capacity to adapt to life-long stimulation (59).

In MM, the immune suppressive TME turns off the capacity of

Vg9Vd2 T cells to resist life-long stimulation. CD160 expression

was mainly restricted to CM and TEMRA BM MM VgVd2 T

cells, which is the subset with the highest ICP expression.

Interestingly, the loss of CD27 and CD28 and the expression

of TIM-3 and CD57 on T cells has been associated with

resistance to ICP blockade (35).

Immune senescence of BM MM Vg9Vd2 T cells was

confirmed by the expression of pgH2AX. A weak pgH2AX

expression was already detectable in freshly isolated BM gd T
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cells, but significantly increased after ZA stimulation, whereas no

expression was detected in resting or ZA-stimulated BM Ctrl

samples. gH2AX phosphorylation is used by mammalian cells to

prevent genomic instability after DNA breakage induced by

genotoxic stress or senescence (60). Our data indicate that

pgH2AX quantification can be used to predict the functional

outcome of immune effector cells after stimulation, and not only

to screen the genotoxic profile of drugs and to identify senescent

cells in aging and disease (61).

The functional plasticity of Vg9Vd2 T cells embedded in the

immune suppressive TME can lead to the acquisition of

regulatory or pro-tumoral functions (46). We have not found

any phenotypic or functional evidence to support a regulatory/

pro-tumoral shift of BM Vg9Vd2 T cells in MM, unlike colon,

breast and other solid cancers in which immune senescent gd T

cells have been reported to suppress the proliferation of

conventional T cells (62–65).

Exhaustion and immune senescence of BM MM Vg9Vd2 T

cells were associated with alterations in the TCR signaling
A B
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FIGURE 6

Intracellular PD-1/TIM-3 cross-talk is not mediated by the IL-27/pSTAT1/T-bet or PI3K-AKT axes. (A) T-bet and MFI expression in resting PB and
BM Ctrl and MM Vg9Vd2 T cells. Bars represent the mean values ± SE from 6 (BM Ctrl) to 25 experiments (BM MM); (B) IL-27R expression in
resting PB and BM Ctrl and MM Vg9Vd2 T cells. Bars represent the mean values ± SE from 6 (BM Ctrl) to 25 experiments (BM MM). (C) T-bet and
(D) IL-27R expression in ZA-stimulated BM MM Vg9Vd2 T cells with or without aPD1. Bars represent mean values ± SE from 4 (Tbet) to 6 (IL-
27R) experiments (E) IL-27 concentrations in the supernatants (S/N) of ZA-stimulated BMMC from Ctrl and MM patients. Bars represent the
mean values ± SE from 3 (BM Ctrl) to 4 experiments (BM MM). (F) Left: TIM-3 expression in ZA-stimulated BM MM Vg9Vd2 T cells without or
with aPD1 in the presence of LY294002 (PI3K inhibitor), fludarabine monophosphate (FAMP) (p-STAT1 inhibitor), and the combination thereof.
Bars represent the mean values ± SE of 7 experiments. Right: cytofluorimetric analysis of TIM-3 expression in ZA-stimulated BM MM Vg9Vd2 T
cells without or with a-PD-1 and PI3K and/or pSTAT-1 inhibitors from one representative MM.
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pathway. pAKT, pSTAT1, pJAK1, and ZAP-70 were down-

regulated, while PTEN was up-regulated in MM BM Vg9Vd2
T cells. ZAP-70 was also down-regulated in BM CD3+ Vg9Vd2-
T cells of MM patients. The significantly lower ZAP-70

expression in BM compared further confirms how powerful is

the immune conditioning exerted by the prolonged exposure to

tumor cells in the TME. In contrast, we have not observed CD3-

z chain down-modulation in Vg9Vd2 T cells and CD3+

Vg9Vd2- T cells unlike previous reports (51). Increasing

evidence suggests that ZAP-70 down-regulation in T cells and

NK cells can contribute to impairment of anti -tumor immune

responses and bias the efficacy of immunotherapy (66). We are

currently investigating whether ZAP-70 expression is correlated

with Vg9Vd2 T-cell dysfunctions in MM.

TIM-3 was significantly up-regulated after ZA stimulation in

the presence of aPD1, whereas PD-1 was not up-regulated after

ZA stimulation in the presence of aTIM3, indicating a one-way

rather than two-way cross-talk between these molecules. TIM-3

up-regulation after PD-1 blockade in conventional T cells is
Frontiers in Immunology 11
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considered a potential mechanism of adaptive resistance to

aPD-1 in vitro (52, 53, 67) and in vivo (52, 53, 68).

Dual PD-1/TIM-3 blockade was more effective than single

ICP blockade to partially recover proliferation, IFN-g
production, and CD107 expression in BM Vg9Vd2 T cells, and

to mitigate the altered expression of TCR-associated molecules.

Dual PD-1/TIM-3 blockade has also been reported to up-

regulate IFN-g and TNF-a production in PB Vg9Vd2 T cells

of AML patients after pAg stimulation (31).

Dual ICP blockade is currently carried on in the clinical

setting using mAb combinations willing to improve response

rates and/or overcome acquired resistance to single ICP

blockade (69). However, this strategy is burdened by clinical

and financial toxicities (70), and alternative approaches are

under investigation (69, 71). One alternative approach could

be the identification of druggable intracellular intersections

between these pathways. To this end, we have investigated the

IL-27/pSTAT1/T-bet, and the PI3K/AKT pathways that have

been reported to connect PD-1 and TIM-3 in tumor-bearing
A B

D E

C

FIGURE 7

The ICP/ICP-L network is dynamically shaped by the disease status. (A) PD-1 and TIM-3 expression in resting BM Vg9Vd2 T cells from MM
patients at different stages of disease (MM-dia, MM-rem and MM-rel). Bars represent the mean values ± SE from 7 (MM-rel) to 50 (MM-dia).
(B) TIM-3 expression in BM MM Vg9Vd2 T cells after 7-day ZA stimulation in the presence or absence of aPD1. Bars represent the mean values ±
SE from 3 (MM-rem) to 6 (MM-dia). (C) BM MM Vg9Vd2 T-cell proliferation in MM-dia, MM-rem and MM-rel after 7-day ZA stimulation in the
presence of aPD1, aTIM-3, and the combination thereof. Bars represent the mean values ± SE from 4 (MM-rem) to 8 (MM-dia). (D) left: LAG-3
expression in resting (day 0) or ZA-stimulated BM Vg9Vd2 T cells from MM patients at different stages of disease (MM-dia, MM-rem and MM-rel).
Bars represent the mean ± SE from 4 (MM-rel) to 5 (MM-dia) experiments; right: cytofluorimetric analyses of LAG-3 expression in ZA-stimulated
Vg9Vd2 T cells from one representative MM-dia, MM-rem, and MM-rel. (E) BM MM Vg9Vd2 T-cell proliferation in MM-rel after 7-day ZA
stimulation in the presence aPD1, aTIM-3, and aLAG-3 as single agents or in combination. Bars represent the mean ± SE of 3 experiments.
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mice and patients with head and neck squamous cell carcinomas

(53, 54), but we have not found any evidence of PD-1/TIM-3

cross-talk via these pathways in BM MM Vg9Vd2 T cells.

Interestingly, T-bet expression was low in resting BM MM

Vg9Vd2 T cells as recently shown in the BM of patients with

AML. In these patients, the emergence of severely exhausted (i.e.,

T-betlow, PD-1+) T cells has been reported to predict disease

relapse after allogeneic transplantation (55). By contrast, IL-27R

expression was high in BMMMVg9Vd2 T cells, whereas soluble

IL-27 levels were low and did not increase after ZA stimulation.

We speculate that BM MM Vg9Vd2 T cells are equipped with a

high number of IL-27R to catch the small amount of IL-27

available in the TME to eventually improve their fitness, and not

to up-regulate TIM-3.

This is the first report comparing the role of ICP/ICP-L and

their blockade in the TME of MM-dia, MM-rem and MM-rel.

PD-1 expression in BM MM Vg9Vd2 T cells was significantly

higher in MM-rel than in MM-rem and MM-dia, whereas TIM-

3 expression was not different. Interestingly, MM-rem showed

significantly higher PD-1 expression than MM-dia, indicating

that it is not trivial for BM MM Vg9Vd2 T cells to get rid of the

immune suppressive imprinting operated by the TME. Single or

dual blockade PD-1/TIM-3 showed different efficacy according

to the disease status. MM-rem showed the best recovery in the

presence of the aPD-1 or aTIM-3: the former was slightly better

than the latter, whereas the combination did not show any

additive or synergistic effect. Dual PD-1/TIM-3 blockade

showed an additive effect in MM-dia, whereas MM-rel were

totally refractory, no matter single or dual PD-1/TIM-3 blockade

was applied. It remains to be determined in MM-rel whether the

immune dysfunction anticipates the myeloma cell regrowth or

vice-versa.

Our data confirm that the refractory/relapse setting remains

the most difficult challenge for immune-based interventions.

Paradoxically, this is also the clinical setting usually selected for

first-in-man or phase I/II studies, including MM (72), with the

risk to jeopardize future investigation since results will rarely

meet clinical expectations. Interestingly, BM Vg9Vd2 T cells

from MM-rel significantly up-regulated LAG-3 after ZA

stimulation in addition to PD-1 and TIM-3. In the MC38

mouse tumor model, dual PD-1/TIM-3 blockade increases the

expression of LAG-3 in T cells, and LAG-3 expression confers

resistance to aPD-1/aTIM-3 treatment (73). Increased LAG-3

expression in T cells of patients with non-small cell lung cancer

(NSCLC) has been associated with resistance to aPD-1

treatment and shorter progression-free survival (22). Likewise,

co-expression of PD-1, TIM-3, and LAG-3 in TILs of patients

clear cell renal cell carcinoma (CCRC) has been associated with

high risk of early progression (23).

Dual PD-1/LAG-3 blockade was the most effective

combination to improve the proliferative responses to ZA

stimulation in MM-rel, confirming the profound immune

suppressive TME commitment in this setting. Triple PD-1/
Frontiers in Immunology 12
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TIM-3/LAG-3 blockade has been proposed to overcome this

barrier in syngeneic mouse tumor models (73), but in our hands

triple blockade was less effective than dual PD-1/LAG-3

blockade. Alternative strategies can be dual ICP blockade after

lymphodepletion by whole body radiation, as reported in the

5T33 murine MM model (74), or after the addition of TGF-b
inhibitors as reported by Kwon et al. (25), but these strategies are

not easy to apply to humans.

In conclusion, the immune suppressive TME contexture in

MM is under dynamic evolution and ICP blockade should be

individually tailored to gain the maximum efficacy. The

remission phase remains the most favorable setting to deliver

Vg9Vd2 T-cell-based immune interventions.
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Releasing the restraints
of Vg9Vd2 T-cells in
cancer immunotherapy

Laura A. Ridgley*†, Jonathan Caron †, Angus Dalgleish
and Mark Bodman-Smith

Institute for Infection and Immunity, St. George’s University of London, London, United Kingdom
Objectives: Vg9Vd2 T-cells are a subset of T-cells with a crucial role in

immunosurveillance which can be activated and expanded by multiple

means to stimulate effector responses. Little is known about the expression

of checkpoint molecules on this cell population and whether the ligation of

these molecules can regulate their activity. The aim of this study was to assess

the expression of both activatory and inhibitory receptors on Vg9Vd2 T-cells to

assess potential avenues of regulation to target with immunotherapy.

Methods: Expression of various activatory and inhibitory receptors was

assessed on Vg9Vd2 T-cells by flow cytometry following activation and

expansion using zoledronic acid (ZA) and Bacillus Calmette-Guérin (BCG).

Expression of these markers and production of effector molecules was also

examined following co-culture with various tumour cell targets. The effect of

immune checkpoint blockade on Vg9Vd2 T-cells was also explored.

Results: Vg9Vd2 T-cells expressed high levels of activatory markers both at

baseline and following stimulation. Vg9Vd2 T-cells expressed variable levels of

inhibitory checkpoint receptors with many being upregulated following

stimulation. Expression of these markers is further modulated upon co-

culture with tumour cells with changes reflecting activation and effector

functions. Despite their high expression of inhibitory receptors when

cultured with tumour cells expressing cognate ligands there was no effect on

Vd2+ T-cell cytotoxic capacity or cytokine production with immune

checkpoint blockade.

Conclusions: Our work suggests the expression of checkpoint receptors

present on Vg9Vd2 T-cells which may provide a mechanism with the

potential to be utilised by tumour cells to subvert Vg9Vd2 T-cell cytotoxicity.

This work suggests important candidates for blockade by ICI therapy in order to

increase the successful use of Vg9Vd2 T-cells in immunotherapy.
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Introduction

The gd T-cell is a unique cell population making up 1-5% of

peripheral blood T-cells (1, 2). In contrast to the ab T-cell the gd
T-cell comprises of a TCR made of a variable (V) g chain and Vd
chain. There are numerous subsets of gd T-cell with the main

subsets being the Vd1, Vd2 and Vd3 T-cells. The Vd1 and Vd3
subsets are most abundant in the intestinal mucosa whereas the

most predominant subtype in the blood is the Vg9Vd2 T-cell

(Vd2) which is important in immunosurveillance against

infection, for example Mycobacterium tuberculosis, Listeria

monocytogenes and Salmonella enterica (3–5). This cell

population has also been implicated in anti-tumour responses

due to their ability to recognise phosphoantigens from

dysregulated mevalonate pathways. Full activation occurs via

the recruitment of butyrophilin 3A1 (BTN3A1), which together

with BTN2A1 engages the T-cell receptor (TCR) (6–10). In

addition to recognising phosphoantigens, Vg9Vd2 T-cells can

also recognise upregulated cell stress ligands through expression

of various NK associated activatory receptors (11). Confirming

their role in immunosurveillance, the presence of gd T-cells in

tumours has been shown to correlate with clinical outcome in

different cancer types (12–14). Genetic signatures reveal the gd
T-cell as the most significantly associated with favourable

prognosis (15). Furthermore, high levels of circulating gd T-

cells have been associated with reduced cancer risk and

improved survival (15–17).

Due to their inherent killing capacity these cells are

promising tools for use in cancer immunotherapy. In the

init ia l explorat ion into the use of these cel ls for

immunotherapy studies utilized the expansion of gd T-cells

with various phosphoantigen derivates and nitrogen

containing bisphosphonates, including zoledronic acid (ZA).

Multiple trials have been conducted utilising in vivo expansion

or in vitro expansion followed by adoptive transfer, showing

varying degrees of success (18–25). Protocols for expansion of

Vd1 cells include IL-15, IL-7 and phytoheamagglutinin (PHA)

or antigen presenting cells (APCs) expressing CD86, 41BBL,

CD40L and cytomegalovirus (CMV)-antigen-pp65 (26–28). In

contrast protocols most commonly used for expansion of Vd2
cells include ZA, bromohydrin pyrophosphate (BrHPP) and (E)-

4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP) (22,

29). Potential explanations as to their varying efficacy include

anergy, reduced migratory capacity and subsequent infiltration

into tumours or high degree of polyclonality resulting in a

diverse product.

Other candidates for expansion of Vd2 T-cells include

viruses and bacteria such as Bacillus Calmette-Guérin (BCG),

the strain of mycobacterium used in the prevention of

tuberculosis and in the treatment of bladder cancer (13, 30–

32). BCG injection into melanoma lesions has resulted in

regression of lesions and infiltration of IFN-g-producing Vd2
T-cells (33). Further support for the use of BCG in Vd2 T-cell
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expansion comes as this method has been shown in vitro to

result in altered cytolytic profiles compared to expansion using

ZA (34).

In recent years several additional strategies have been

utilized in order to improve gd T-cell therapy (35, 36). These

include antibody therapy, for example, agonistic monoclonal

antibodies against BTN3A1, such as ICT01 in phase I/II clinical

trial (NCT04243499), bispecific antibodies targeting TCR and

tumour antigens, such as Vg9-TCR engagers against HER2,

CD1d and PSMA in clinical trials (NCT04887259 and

NCT05369000) and bispecific Vg9 nanobody-based constructs

targeting EGFR in pre-clinical development (37–41). Other

strategies focusing on cell therapy include chimeric antigen

receptor (CAR)-transduced Vd2 cells or ab-T-cells transduced
with Vg9Vd2 TCR, also called T-cells engineered with defined gd
TCR (TEG) (42–47).

Tumours have many mechanisms of evading the immune

system, a key mechanism being the expression of ligands to

checkpoint receptors expressed on effector immune cells.

Tumours can display, amongst others, increased programmed

death ligand 1 (PDL1) and HLA class I histocompatibility

antigen alpha chain E (HLA-E), which bind programmed cell

death protein 1 (PD1) and CD94/NK group 2 member A

(NKG2A) to dampen T-cell and natural killer (NK) cell

responses respectively (48). Further immune checkpoints include

lymphocyte activation gene 3 (LAG3), T-cell immunoglobulin

domain and mucin domain 3 (TIM3), T-cell immunoreceptor

with Ig and ITIM domains (TIGIT), B and T lymphocyte

attenuator (BTLA) which bind to their ligand’s major

histocompatibility complex (MHC) class II, Galectin 9 (Gal9),

poliovirus receptor (PVR) and herpesvirus entry mediator

(HVEM) respectively. Understanding of immune checkpoints in

relation to Vd2 T-cells is currently limited. In a clinical setting,

treatment with ipilimumab, an antibody targeting CTLA-4,

increases Vd2 T-cell number indicating a role for checkpoints in

Vd2 T-cell function (16). Confirming the importance of

checkpoint receptors on Vd2 T-cells a recent study documents

increased proportions of Vd2 T-cells expressing LAG3 in

melanoma patients, a finding which was associated with earlier

relapse and shorter overall survival (17). Upregulation of PD1

expression has been documented on Vd2 T-cells following

antigenic stimulation followed by a gradual decline (49).

Furthermore, expression of PD1 is high on gd T-cells from a

variety of tumour types (50–52). Blockade of PD1 was able to

enhance cytotoxicity and IFN-g production although other studies

have shown no effect of blockade on gd T-cell function (49, 53, 54)

Moreover, TIM3 co-expression with PD1 has been shown to result

in lower IFN-g and TNF production (55). Interaction with Gal9

lowered Vd2 T-cell cytotoxicity by limiting perforin and Granzyme

B (56). Furthermore, anti-TIM3 was able to enhance anti-tumour

activity via increased cytokine production, this effect was

independent of PD1 blockade suggesting a complex interplay of

receptors will be important in Vd2 T-cells activity (55).
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The aim of this study was to investigate further the

expression of activatory and inhibitory immune receptors on

Vd2 T-cells to determine the hierarchy of importance of these

molecules in Vd2 T-cell function and the importance of

stimulation conditions on activation of Vd2 T-cells. This will

provide crucial information on the use of checkpoint inhibitor

therapy alongside Vd2 T-cell therapy.
Materials and methods

Subjects

Donor blood was obtained from healthy volunteers of leukocyte

reduction system (LRS) cones from the National Health Service

Blood and Transplant Unit (NHSBT) at St. George’s Hospital

London under ethical approval SGREC16.0009.
PBMC and Vg9Vd2 T-cell isolation

Peripheral blood mononuclear cells (PBMC) were isolated

from LRS cones using density centrifugation over Histopaque-

1077 (Sigma) as per manufacturer’s instructions. Erythrocytes were

lysed using RBC lysis buffer (BioLegend) and platelets removed by

centrifugation at 200g. PBMCs were stored at -80°C in freezing

medium (45% RPMI-1640, 45% FBS, 10% DMSO). Following

expansion gd T-cells were resuspended in MACS buffer (PBS

containing 0.5% BSA and 2mM EDTA) and isolated by negative

enrichment using magnetic gd T-cell negative selection kit

(Miltenyi Biotech), according to manufacturer’s instructions.

Isolated cells had median purities of >90%.
Expansion and culture of Vg9Vd2 T-cells

For expansion of Vg9Vd2 T-cells thawed PBMCs were

cultured at 5x106 cells/ml in RPMI-1640 + 10% Foetal Bovine

Serum (FBS; Sigma) with final concentrations of 10µM ZA (Sigma)

or 2x104 CFU BCG (Pasteur strain, gifts of Dr Rajko Reljic St.

George’s University of London) both with 15ng/ml IL-2 (R&D

Systems) in 200µl total volume in 96 well round bottomed plates.

BCG was cultured as previously described (34) and in some cases,

where indicated, BCG was heat killed by heating to 80°C for 30

minutes. Cells were cultured at 37°C with 5% CO2 for 14 days with

media containing 15ng/ml IL-2 refreshed every 2-3 days.
Tumour cell culture

Burkitt’s Lymphoma B-cell lines Daudi and Raji, and acute

monocytic leukemia cell line THP-1, all from the European

Collections of Authenticated Cell Cultures (ECACC), were
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cultured in RPMI-1640 + 10% FBS at 1x106 per ml of 75cm2

tissue culture flask (Thermo Fisher Scientific). Cells were

passaged every 2-4 days to maintain recommended cell

densities and cells were used between passage 5-15. In some

cases, prior to culture with gd T-cells tumour cells were cultured

with final concentration of 50µM ZA for 24 hours.
Cytotoxicity assay

For cytotoxicity assays tumour cells were labelled with a final

concentration of 0.5mM Cell Trace Far Red (Thermo Fisher

Scientific) prior to culture. ZA or BCG stimulated gd T-cells were
co-cultured with Daudi, Raji or THP-1 cells, pre-treated with or

without 50mMZA, at an optimised effector:target cell ratio of 1:1.

Cells were cultured in a total volume of 200µl in 96 well plates at

0.5x106 cells/ml in RPMI + 10% FBS for 18 hours before being

stained with zombie aqua, as described in Multiparameter Flow

Cytometry. Specific killing was calculated by subtracting the

dead cell frequency of targets cultured alone from the dead cell

frequency of those in co-culture.
CD107b mobilisation assay

For CD107b mobilisation assays gd T-cells were cultured

with tumour cells as previously described for cytotoxicity assay.

Cells were cultured for 1 hour alone or with 25ng/ml Phorbol

12-myristate 13-acetate (PMA) and 1mg/ml ionomycin used as a

positive control, before the addition of 5µg/ml Brefeldin A (BFA)

and 2µM monensin (both Sigma Aldrich) and CD107b-FITC

(H4B4; BioLegend) for 3 hours. Cells were harvested and stained

for flow cytometry.
TNF release assay

For TNF release assays gd T-cells were cultured with tumour

cells as previously described for cytotoxicity assay. Cells were

cultured for 15 minutes before the addition of 10µM TAPI-0

(TNF-a protease inhibitor 0; Biotechne) and TNF-PECy7

(MAb11; Biolegend). Cells were cultured for 4 hours before

being harvested and stained for flow cytometry.
Immune checkpoint blockade

For the blockade of immune checkpoints in cytotoxicity and

CD107b mobilisation assays the following antibodies were used:

anti-IgG1, anti-IgG2, anti-PD1, anti-TIGIT, anti-LAG3, anti-

TIM3 and anti-BTLA (all BioLegend). Anti-NKG2A antibodies

were developed using a plant manufacturing system (57). All

antibodies were used at final concentrations of 5µg/ml.
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Multiparameter flow cytometry

Cells were stained with Zombie Aqua viability dye

(BioLegend) in PBS, according to manufacturer’s instructions,

prior to antibody staining. Staining was performed in FACS

buffer (PBS containing 2.5% BSA, 0.1% sodium azide and 2mM

EDTA) for 30 minutes at 4°C. Cells were stained with the

following antibodies as indicated CD3-BUV395 (UCHT1),

CD56-BUV737 (NCAM16.2; both BD Biosciences) Vd2-PE,
Vd2-PerCP-Vio700 (both REA771), PD1-VioBrightFITC

(PD1.3.1.3), NKG2A-VioFITC (REA110), NKG2C-PE

(REA205; all Miltenyi Biotech), CD3-AF700 (OKT3), BTLA-

PE (MIH26), TIGIT-BV421 (A15153G), LAG3-BV711

(11C3C65), TIM3-BV605 (F38-2E2), NKG2D-APC (1D11),

DNAM1-BV711 (11A8), KLRG1-BV421 (14C2A07), NKp44-

PE (P44-8), NKp30-BV711 (P30-15), NKp46-BV421 (9E2; all

BioLegend) and VISTA-APC (B7H5DS8; eBioscience). Cells

were fixed with cell fix (BD Biosciences) prior to acquisition.

For intracellular staining cells were stained with Zombie

Aqua prior to staining with surface antibodies CD3-BUV395

and Vd2-PerCP-Vio700. Cells were fixed and permeabilised with

fixation and permeabilization buffer (BioLegend), according to

manufacturer’s instructions, and stained with IFN-g-BV421
(4S.B3), TNF-BV711 (MAb11), Granzyme B-APC (QA16A02),

Perforin-PE-Cy7 (B-D48), Granulysin-PE (DH2; all BioLegend).

Data was collected on a Fortessa X20 (BD Biosciences) and

analysed using FlowJo (Treestar), using fluorescence-minus-one

(FMO) gating. Debris was excluded by SSC-A versus SSC-W and

live cells were gated based on exclusion of zombie aqua viability

dye. Vg9Vd2 cells, T-cells and NK cells were gated as Vd2+,
CD3+ and CD56+ respectively and activatory and inhibitory

receptor expression further examined, gating strategy as

depicted in Supplementary Figure 1.
Gene expression of Vg9Vd2 T-cells

RNA was extracted from Vg9Vd2 T-cells using RNeasy Micro

Kit (Qiagen) as per manufacturer’s instructions. The purity of the

isolated mRNA was assessed using a NanoDrop™ 2000

spectrophotometer (Thermo Fisher Scientific) and the quality

and integrity using an Agilent 2100 Bioanalyser (Agilent

Technologies). mRNA library was then prepared with the

NEBNext Ultra II kit (New England Biolabs) and sequenced

with a NextSeq 550 system (Illumina). Raw data was processed

and analysed using Partek Flow (Partek).
Statistics

Statistical analysis was performed using GraphPad prism 9

(GraphPad Software Inc). Non-parametric analysis of variance with

Sidak post hoc pairwise analyses, non-parametric mixed effects
Frontiers in Immunology 04
103
analysis with Tukey’s post hoc pairwise analyses or non-

parametric analysis of variance (Friedman’s) with Dunn’s post hoc

for multiple pairwise comparisons carried out where indicated. P-

values of <0.05 were considered statistically significant.
Results

Vg9Vd2 T-cells express NK associated
activatory receptors and inhibitory
checkpoint receptors

First, we aimed to assess the expression of NK associated

activatory markers and inhibitory checkpoint receptors in Vd2+
T-cells in freshly isolated PBMCs, gating strategy in

Supplementary Figure 1.

Vd2+ T-cells express several activatory receptors including

NKG2D, DNAM1 and NKp30 (Figure 1A; Supplementary

Figure 2A). Vd2+ T-cells express a high level of inhibitory

checkpoint receptors NKG2A, KLRG1 and BTLA, intermediate

levels of PD1, TIGIT and VISTA and very little expression of LAG3

and TIM3 (Figure 1B; Supplementary Figure 2B).

The expression profile of Vd2+ T-cells as seen by flow

cytometry was largely confirmed by RNAseq. Expression of

activatory marker NKG2D was particularly high with higher

expression of DNAM1 and NKp30 also seen (Figure 1C). In

terms of inhibitory receptors KLRG1, NKG2A and VISTA were

confirmed at having higher expression at the gene level (Figure 1C).

The expression of NK-associated activatory and inhibitory

checkpoint receptors on Vd2+ T-cells in circulation confirms

previous descriptions of these cells as a bridge between the

innate and adaptive immune systems, therefore we assessed the

expression of these molecules in comparison to CD3+ T-cells

and CD56+ NK cells. Vd2+ T-cells express similar levels of

activatory receptors NKp30 compared to CD56+ NK cells from

PBMC, however unlike NK cells Vd2+ T-cells lack expression of

NKp44 and NKp46 and have significantly higher expression of

NKG2D and DNAM1 (Figure 1D). Compared to NK cells Vd2+
T-cells express significantly higher levels of NKG2A, KLRG1,

BTLA and PD1 and significantly lower levels of TIGIT and

TIM3 (Figure 1E). In comparison with CD3+ T-cells Vd2+ T-

cells express significantly higher NKG2D, DNAM1 and NKp30

(Figure 1D). In addition, Vd2+ T-cells express significantly

higher NKG2A, KLRG1, BTLA and VISTA but significantly

lower PD1 and TIM3 compared to CD3+ T-cells (Figure 1E).

The receptor expression profile of Vd2+ T-cells is unique,

highlighting the role of these cells as a bridge between the innate

and adaptive immune response. This receptor profile provides

both a mechanism of recognition and a potential method of

regulation of Vg9Vd2 T-cells therefore, it will be important to

know how the expression of these inhibitory markers is altered

following activation as these may provide a mechanism of

damping Vd2+ T-cell response.
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Expression of inhibitory immune
checkpoint receptors increases upon
Vd2+ T-cell activation

After showing the expression of a wide range of activatory

and inhibitory immune receptors on Vd2+ T-cells in circulation

the next aim was to assess whether Vd2+ T-cell stimulation

resulted in alteration of these molecules. We hypothesised that

an upregulation in the expression of inhibitory molecules
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following stimulation will provide a mechanism by which Vd2
+ T-cells can be restrained, with implications on their efficacy

in immunotherapy.

The expression of activatory and inhibitory receptors was

explored following 24 hours activation of PBMC. Isolated

PBMCs were stimulated with IL-2 with and without previously

optimised concentrations of ZA or BCG for 24 hours (34).

Expression of activatory and inhibitory markers was assessed

by flow cytometry.
A B

C

D E

FIGURE 1

Expression of NK associated activatory receptors (A) and inhibitory checkpoint receptors (B) was determined in Vg9Vd2+ cells in PBMCs from
healthy donors using flow cytometry. Heat maps showing the expression of NK associated activatory and inhibitory receptors in Vg9Vd2+ cells
from 6 donors using RNAseq (C). Expression of NK associated activatory receptors (D) and inhibitory checkpoint receptors (E) in Vg9Vd2+ cells
was compared to CD3+ T-cells and CD56+ NK cells. N=10. *p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001, non-parametric analysis of
variance with Tukey’s post hoc for multiple pairwise comparisons.
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The activation of Vd2+ T-cells by IL-2, ZA and BCG was

confirmed by the upregulation of activation marker CD69

(Figure 2A). There was no change in expression of NK-

associated activatory receptors from baseline with 24-hour

stimulation, with the exception of NKG2D which is

significantly reduced with both ZA and BCG (Figure 2B).

There was no difference in expression of activatory markers

with stimulation method with the exception of NKG2C which

was significantly reduced in BCG activated Vd2+ T-cells

compared to ZA activated Vd2+ T-cells (Figure 2B;

Supplementary Figure 2C).

There was no change in the expression of inhibitory immune

receptor KLRG1 on Vd2+ T-cells following ZA stimulation

(Figure 2C). In contrast, there was significantly increased

expression of NKG2A PD1, TIGIT, VISTA, LAG3 and TIM3 with

ZA stimulation. Similarly, TIGIT, LAG3 and TIM3 are significantly

increased with BCG stimulation (Figure 2C; Supplementary

Figure 2D). However, LAG3 and TIM3 were the only receptors

significantly increased compared to IL-2 only control. BTLA is the

only inhibitory receptor whose expression decreased upon ZA and

BCG stimulation, compared to both baseline and IL-2 stimulation

(Figure 2C). There was reduced expression of VISTA and increased

expression of TIM3 on BCG activated Vd2+ T-cells compared to ZA

activated Vd2+ T-cells (Figure 2C).

Furthermore, modulation of activatory and inhibitory receptors

following stimulation with ZA and BCG does appear to be specific

to Vd2+ T-cells with minimal changes seen in expression of

receptors on CD3+ T-cells and CD56+ NK cells (Supplementary

Figure 3). Changes in expression of NKG2D, NKp30, LAG3 and

TIM3 do reach statistical significance in CD3+ T-cells

(Supplementary Figures 3A, B). For CD56+ cells DNAM1,

NKp44, NKG2A, TIGIT, LAG3 and TIM3 also show statistical

significance from baseline (Supplementary Figures 3C, D).
Expression of inhibitor immune
checkpoint receptors increases upon
Vd2+ T-cell expansion

After documenting changes in the expression of various

activatory and inhibitory receptors following 24-hour Vd2+ T-

cell activation the next aim was to assess whether these changes

in expression were maintained over longer periods of

stimulation, as seen with Vd2+ T-cell expansion protocols.

Therefore, the expression of activatory and inhibitory

receptors was next explored following the expansion of Vd2+
T-cells in PBMC. Isolated PBMCs were stimulated with IL-2

with and without previously optimised concentrations of ZA,

BCG or HK-BCG for 14 days. Expression of activatory and

inhibitory markers was assessed by flow cytometry.

The expansion of Vd2+ T-cells was also assessed following

14 days stimulation with ZA, BCG or HK-BCG. There were

successful expansions of Vd2+ T-cells when stimulated with ZA
Frontiers in Immunology 06
105
and heat-killed BCG (HKBCG), compared to the control IL-2

alone (Figure 3A).

High expression of NKG2D and DNAM1 was maintained

from baseline and 24 hours activation (Figure 3B). NKp44 was

increased following 14 days stimulation with ZA (Figure 3B).

Furthermore, there was no difference in expression of activatory

markers following 14 days stimulation with ZA or BCG

(Figure 3C; Supplementary Figure 2E).

There was no change in inhibitory receptors NKG2A, PD1

and VISTA from baseline. However, there was significantly

reduced expression of both KLRG1 and BTLA from baseline

with both ZA and BCG expansion (Figure 3C). TIGIT, LAG3

and TIM3 were significantly increased following 14-day

expansion with ZA whereas only LAG3 and TIM3 were

significantly increased following 14-day expansion with BCG

(Figure 3C; Supplementary Figure 2F). There was no significant

difference in expression of receptors between ZA and BCG-

expanded Vd2+ T-cells suggesting a similar mechanism

of activation.

In addition to marker expression as assessed by flow

cytometry, corresponding RNAseq analysis of 14 day

stimulated Vd2+ T-cells shows that high expression of

NKG2D and DNAM1 is maintained from basel ine

(Figure 3D). Furthermore, the increase in LAG3 and TIM3

was confirmed from baseline with 14-day stimulation

(Figure 3D). In addition, no clear differences were seen in

RNA expression of activatory or inhibitory receptors between

ZA and BCG expanded Vd2+ T-cells (Figure 3D).

Following 14-day stimulation there are also differences in

expression of activatory and inhibitory receptors on CD3+ T-

cells and CD56+ NK cells (Supplementary Figure 4). Expression of

BTLA is significantly reduced on CD3+ T-cells following ZA and

BCG expansion. Furthermore, TIM3 and LAG3 are significantly

increased on CD3+ T-cells following ZA and BCG expansion

(Supplementary Figures 4A, B). Similarly, in CD56+ cells LAG3,

TIM3 and NKG2A are significantly increased with both ZA and

BCG expansion. While KLRG1 is significantly decreased in CD56+

cells with ZA and BCG expansion. Furthermore, DNAM1, NKp30,

NKp44 and NKp46 are significantly increased on CD56+ cells with

ZA and BCG expansion (Supplementary Figures 4C, D). These

changes, largely absent following 24-hour stimulation, suggest an

indirect effect of stimulation on other cell populations. High levels

of expression of numerous inhibitory receptors may provide a

mechanism of immune regulation of Vd2+ T-cells, important in

our understanding when using these cells in immunotherapy.
Expression of checkpoint receptors and
cytokine production is modulated upon
culture with tumour cells

Many studies have documented the ability of Vd2+ T-cells to

exert strong anti-tumour responses with both direct cytotoxic
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A

B

C

FIGURE 2

Activation of Vd2 cells was assessed by flow cytometry of CD69 expression following 24 hours stimulation with IL-2, ZA or BCG both with IL-2
(A). Expression of NK associated activatory markers (B) and inhibitory checkpoint receptors (C) was determined on Vg9Vd2 T-cells in PBMC
stimulated for 24 hours with IL-2 alone, ZA or BCG, both with IL-2, using flow cytometry. N=10. *p<0.05, **p<0.005, ***p<0.0005,
****p<0.0001, non-parametric mixed effects analysis with Tukey’s post hoc for multiple pairwise comparisons.
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FIGURE 3

Frequency of Vd2 cells as a percentage of live cells was assessed by flow cytometry following 14 days stimulation with IL-2 alone or IL-2 with
ZA, BCG or HK-BCG. N=10-39, **p<0.005, ****p<0.0001, non-parametric analysis of variance with Tukey’s post hoc for multiple pairwise
comparisons (A). Expression of NK associated activatory markers (B) and inhibitory checkpoint receptors (C) was determined on Vg9Vd2 T-cells
in PBMC stimulated for 14 days with IL-2 alone, ZA or BCG, both with IL-2, using flow cytometry. N=10, *p<0.05, **p<0.005, ***p<0.0005,
****p<0.0001, non-parametric mixed effects analysis with Tukey’s post hoc for multiple pairwise comparisons. Expression of activatory and
inhibitory receptors was determined in Vg9Vd2 T-cells from 6 donors at baseline (D0) and following stimulation for 14 days with IL-2 alone (IL2),
ZA (ZA) or BCG (BCG), both with IL-2, using RNAseq (D).
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function and cytokine production (58, 59). More recently we

have shown the ability of BCG to induce a population of Vd2+
T-cells with superior cytokine and cytolytic mediator production

(34). To confirm this, we assessed the ability of Vd2+ T-cells to

lyse various tumour cells and examined the cytokine production

of Vd2+ T-cells in response to stimulation with tumour cells.

Daudi, Raji and Thp1 cells, with and without ZA pre-

treatment, were cultured with ZA or HK-BCG expanded Vd2+
T-cells. As previously shown, there was no significant difference

in the killing abilities of Vd2+ T-cells expanded with ZA or BCG

(Figure 4A). Next the cytokine production of Vd2+ T-cells

expanded with ZA or HK-BCG was assessed in response to

Thp1 cells. There was no significant increase in cytokine

production of Vd2+ T-cells towards Thp1 cells or Thp1 cells

pre-treated with ZA (Figure 4B).

We next assessed the expression of activatory and inhibitory

checkpoint receptors on effector Vd2+ T-cells following culture

with tumour cells. The expression of inhibitory receptors PD1

and NKG2A appears to increase according to tumour sensitivity

to killing, likely reflecting the activation of Vd2+ T-cells in

response to tumour cells, (Figure 4C). In addition to modulation

by activation status/tumour type the expression of inhibitory

checkpoint molecules PD1 and NKG2A are also modulated by

method of expansion, with significantly decreased expression of

PD1 and significantly increased expression of NKG2A on Vd2+
T-cells expanded with HK-BCG compared to those expanded

with ZA (Figure 4C). The difference of stimulation on inhibitory

receptor expression suggests a possible mechanism of how these

two expansion protocols differ in their cytotoxic abilities and

may go some way to explaining the differences in cytokine and

cytolytic capabilities of BCG and ZA expanded Vd2+ T-cells.

Moreover, Vd2+ T-cells expressing the high levels of inhibitory

receptors PD1 and NKG2A also produced the highest levels of

cytokine TNF (Figure 4D).
Effect of immune checkpoint receptor
blockade on anti-tumour responses of
Vd2+ T-cells

A mechanism that tumours employ to evade killing is the

engagement of checkpoint receptors via the expression of

checkpoint ligands hence the next aim was to assess the

expression of these markers on tumour cells to provide a system

for manipulating the effects of these molecules on Vd2+ T-cells.

We assessed the expression of ligands towards numerous

inhibitory checkpoint receptors by flow cytometry on Thp1 cells

at baseline and following pre-treatment with ZA. Thp1 cells express

moderate amounts of PDL1, Gal9 and HLA class II and substantial

amounts of PVR, HLA-E and HVEM (Figure 5A). The expression

of checkpoint ligands was not altered following ZA pre-treatment.

Therefore, Thp1 cells were used as amodel system to interrogate the

role of inhibitory checkpoint receptors on Vd2+ T-cells.
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We next carried out functional studies to investigate whether

the effector phenotype of Vd2+ T-cells could be modulated by

culture with immune checkpoint inhibitors. ZA expanded Vd2+
T-cells were cultured with Thp1 cells, with and without ZA pre-

treatment, in the presence of blocking antibodies. The blockade

of inhibitory receptors PD1, LAG3, TIM3, and TIGIT had no

effect on the cytotoxic abilities of Vd2+ T-cells against Thp1 cells

or Thp1 cells with ZA pre-treatment (Figure 5B). Blockade of

BTLA and NKG2A enhanced the cytotoxic effects of Vd2+ T-

cells against Thp1 cells but any effects were lost upon pre-

treatment of Thp1 cells with ZA (Figure 5B). Furthermore, there

was no influence of blockade of PD1, LAG3, TIM3, TIGIT or

BTLA on the production of CD107b and IFN-g by Vd2+ T-cells

cultured with ZA pre-treated Thp1 cells (Figure 5C). Blockade of

NKG2A did however significantly enhance production of

CD107b or IFN-g by Vd2+ T-cells cultured with both Thp1

cells and Thp1 cells pretreated with ZA (Figure 5C). Despite

high expression of inhibitory receptors on expanded Vd2+ T-

cells the blockade of these molecules shows no clear effect on

Vd2+ T-cell function.
Discussion

In this current investigation we have explored the role of

activatory and inhibitory receptors on Vd2+ T-cell function and

their potential modulation with different routes of Vd2+ T-cell

activation. We also build on our previous findings which

highlights BCG as an important mechanism of Vd2+ T-cell

activation which may provide a more physiologically relevant

method of expansion which may bypass the potential exhaustion

documented with ZA expansion (34, 60).

Vd2+ T-cells represent a key cell type in immunosurveillance

and therefore a crucial potential target of immunotherapy. A key

study has found the gd T-cell to be the cell type that correlates

most closely with favourable clinical outcome in cancer patients

(15). Despite this, variable responses have been achieved with

clinical trials utilising Vd2+ T-cells, either via in vivo

phosphoantigen stimulation or in vitro expansion followed by

adoptive transfer. Many techniques have been tested for Vd2
expansion such as pulsing with ZA, use of pro-drugs, use of APC

along with various cytokines including IL-15 and IL-2 (61–63).

Despite this it is likely there is still a large amount of heterogeneity

within the Vd2 population and a potential for high levels of

exhaustion (36).

We explore the use of BCG as a method of Vd2 expansion

as this has been shown to result in regression of melanoma

lesions and infiltration of Vd2 cells when injected into lesions

(13). Despite the previously reported differences in cytolytic

profile of Vd2 cells in response to BCG we describe no

significant difference in activatory marker or inhibitory

marker expression following BCG activation and expansion

compared to ZA. We do describe a difference in expression of
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PD1 and NKG2A following culture with tumour cells which

suggests these stimuli have different mechanisms of action.

Indeed, studies have shown differential roles of accessory cells

between ZA, HMBPP and BTN3A1 in Vd2 activation (64).
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Therefore, the differences in activation and inhibition warrant

further understanding.

Unlike other CD3+ T-cells Vd2+ T-cell activation can be

achieved via stimulation through the TCR and BTN3A1/
A

B

C

D

FIGURE 4

Vd2 cells, expanded with ZA or HK-BCG, were isolated and cultured with CTFR labelled Daudi, Raji or Thp1 cells, cultured with or without 50mM
ZA prior to culture with Vd2 cells, at a 1:1 ratio. Specific killing of tumour cells was calculated after 16 hours co-culture (A). After 4 hours co-
culture the production of CD107b, IFNg, TNF, granulysin, perforin and granzyme B was assessed by flow cytometry (B), expression of PD1 and
NKG2A was assessed (C) and production of TNF was assessed on receptor positive and receptor negative cells (D). N=6. *p<0.05, ***p<0.0005,
****p<0.0001, non-parametric analysis of variance with Tukey’s post hoc for multiple pairwise comparisons.
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BTN2A1 or via stress ligands recognised by NCR receptors.

However, concurrent stimulation through inhibitory checkpoint

receptors may block activation and subsequent cytotoxicity.

Therefore, it is likely a balance between these activatory and

inhibitory receptors may control the outcome upon tumour
Frontiers in Immunology 11
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encounter. First, we have shown that Vd2+ T-cells in circulation

express various activation markers. Vd2+ T-cell recognition has

been widely documented to be due to recognition of

phosphoantigens via BTN3A1 and the TCR (6–8). Recognition

also occurs via NKG2D and the recognition of stress ligands
A

B

C

FIGURE 5

Expression of checkpoint receptor ligands (red) was compared to control (blue) on Thp1 cells with and without 50mM ZA pre-treatment (A). ZA
expanded Vd2 cells were isolated and cultured with CTFR labelled Thp1 target cells, with or without 50mM ZA pre-treatment, at a 1:1 ratio in the
presence or absence of 5mg anti-PD1, anti-TIM3, anti-LAG3,anti-TIGIT, anti-BTLA and anti-NKG2A. Specific killing of tumour cells was
calculated following 16 hours (B) and production of CD107b and IFNg by Vd2 cells was assessed by ICS and flow cytometry following 4 hours
(C). N=7. *<0.05, mixed effects analysis with Dunnett’s post hoc for multiple pairwise comparisons. **p<0.005, ***p<0.0005.
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MICA/B and ULBPs (11, 65, 66). The relative contributions of

these receptors is debated, with some showing TCR independent

recognition with significant reduction in Vd2+ T-cell mediated

killing with NKG2D blockade (11, 65, 67). Others suggest that

NKG2D acts as a costimulatory receptor via modulating early

TCR signals (68, 69). Others highlight roles for both NKG2D

and TCR with the perforin granzyme pathway as the main

mechanism of cytotoxicity (70).

Further evidence for the costimulatory receptor theory

comes from a study showing DNAM1 is constitutively

expressed on circulating Vd2+ T-cells and maintained upon

activation, findings which have been recapitulated in our study.

Tumour lysis could be inhibited by anti-DNAM1 with NKG2D

blockade providing complementary contribution to cytotoxicity

(71). The high levels of both NKG2D and DNAM1 on both

circulating and activated Vd2+ T-cells found in this study

suggest crucial roles for these receptors in recognition. This

can be confirmed as the investigation into the use of Vd2 cells

modified with the addition of NKG2D RNA CAR revealed

enhanced cytoltic activity, an effect that was enhanced with the

addition of ZA (46).

Expression of NCRs may also play a costimulatory role in

Vd2+ T-cell recognition. In this study we see limited expression

of NKp44 and NKp46 on Vd2+ T-cells but intermediate

expression of NKp30. There was no clear upregulation of these

markers following stimulation in our study despite expression of

these molecules being documented to be upregulated on Vd1+
T-cells with stimulation with IL-2, IL-15 or TCR (72, 73).

NKp30 and NKp46 are enhanced on NK cells exposed my

mycobacterium tuberculosis infected monocytes however

NKp44 is enhanced on NK cells following BCG stimulation

and not by stimulation with mycobacterium tuberculosis

infected monocytes (74, 75). This suggests these receptors may

play a differential role in recognition of mycobacteria. In this

study however, we saw no upregulation of NKp44 on Vd2+ T-

cells expanded with BCG. No differences in NKp44 or NKp46

expression was seen between ZA-expanded and BCG-expanded

Vd2+ T-cells, as previously documented (76).

It is likely that the mechanism of Vd2+ T-cell recognition

involves a complex interplay between a combination of

activatory receptors, depending on the ligands present. In this

study we did not explore the role of activatory receptors typically

found on ab T-cells such as TNFR-family receptors CD27 and

4-1BB. These molecules have been documented as modulators of

Vd2 activation with roles in proliferation, survival and secretion

of inflammatory cytokines and as such these require further

investigation into their contribution to Vd2 activation (77–81).

In addition to the expression of stress ligands on tumour cells

and recognition by activatory markers, Vd2 cells may also

recognize tumour cells by the downregulation of MHC class I

and subsequent activation of KIR and LILR. LILR have been

documented to be expressed on Vd2 cells associated with

presence of infection both with CMV and mycobacteria (82,
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83). KIR have also been documented to be expressed on Vd2
cells, particularly more cytolytic CD16+ cells. This expression of

KIR likely explains the observation in Figure 4 of increased

killing of Daudi cells lacking MHC class I compared to Raji and

Thp1 cells which require other mechanisms of recognition (84–

87). These additional receptors are important to consider as it is

likely that this highly diverse combination of receptors plays a

role in the suboptimal use of Vd2+ T-cells in immunotherapy.

Next, we investigated the expression of inhibitory immune

checkpoint receptors on Vd2+ T-cells. Inhibitory immune

checkpoint receptors are well documented on CD4 and CD8

T-cells with roles in suppression of proliferation, activation and

cytokine production (88). Less is known about the expression of

inhibitory checkpoint receptors on Vd2+ T-cells and their role in

regulation of these cells. Inhibitory receptors PD1, TIM3, LAG3

and BTLA have been documented to be expressed on Vd2+ T-

cells with upregulation upon stimulation (49, 55, 89–92). In

contrast we document no change in PD1 expression with

mycobacterial or phosphoantigen stimulation. One study

documents minimal expression of PD1 on Vd2+ T-cells which

increases following 3 days stimulation with HMBPP followed by

a gradual decline (49). This suggests that the time points

investigated in this study may have missed any increase in

expression of PD1. We document marked decrease in BTLA

expression, something which has been documented in the

literature, and maximal expression of both TIM3 and LAG3

following stimulation and these molecules, along with PD1, on

gd T-cells have been shown to associate with earlier relapse and

shorter overall survival in melanoma patients suggesting these

molecules may play a role in Vd2+ T-cell regulation (17, 93).

NKG2A is a recently emerging checkpoint molecule shown

to be expressed on CD8+ T-cells and NK cells with blockade

potentiating effector functions (94, 95). We see high levels of

expression on Vd2+ T-cells providing a new cell type which

would be targeted by such interventions. In the aforementioned

studies blockade of NKG2A increased the frequencies of CD107

and IFN-g by NK and CD8 T-cells so it will be of interest to

study the impact of NKG2A blockade on Vd2 activation

and function.

Finally, we examined the impact of blockade of immune

checkpoint receptors on Vd2+ T-cell function. We saw no

difference in Vd2+ T-cell cytotoxicity nor any difference in

cytokine production against Thp1 cells which express

intermediate levels of all immune checkpoint ligands. Other

studies have demonstrated that blockade of anti-PD1, anti-

BTLA and anti-TIM3 result in enhanced proliferation and

prevention of apoptosis (53, 89, 93). Any effects of the

blockade of immune checkpoints on Vd2+ T-cells may be

limited to proliferation or cell death. Another plausible

reason for this difference is the expression of immune

checkpoints and corresponding ligands on tumour cells as

expression of certain ligands in our model were limited, as in

the case of PD1. Despite studies documenting a role of
frontiersin.org

https://doi.org/10.3389/fimmu.2022.1065495
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ridgley et al. 10.3389/fimmu.2022.1065495
checkpoint inhibition in Vd2+ T-cells there is still debate

about the significance of this approach in these cells. Some

have found no effect of blocking PD1 in cell lines expressing

high PDL1 (54). One possibility may be that strong TCR

signalling or the additional effect of NKG2D co-signalling

may overcome any inhibitory effect of PD1. We also

document only low levels of PD1 expression suggesting

there is not enough expression for this to be an effective

checkpoint. Others have found that a combination of

checkpoint blockade has better effect in Vd2+ T-cells.

Blockade of PD1 alone had no effect on cytokine

production of Vd2+ T-cell however when combined with

anti-TIM3 elevated cytokine production was observed

suggesting PD1 alone is insufficient to correct functional

impairment (55).

Due to the high levels of TIM3, LAG3 and NKG2A found

upon Vd2+ T-cells following expansion it is crucial to explore

combinations of these checkpoint receptors in Vd2+ T-cell

function. As treatment with ipilimumab has been shown to

result in higher proportions of Vd2 cells and those patients with

poor response had lower frequencies of Vd2 cells the

combination of Vd2 immunotherapy with checkpoint blockade

would be envisaged to be beneficial in anti-tumour therapy. As

such, trials are ongoing into the combination of Vd2 activation

with anti-BTN3A1 in combination immune checkpoint

blockade (NCT04243499) (39). Like ZA, this molecule has

been shown to enhance the sensitivity of tumour cells to Vd2
killing and enhances Vd2 production of IFN-g, TNF, granzyme

B and perforin.

Overall, we have found a high level of expression of

activatory molecules and inhibitory immune checkpoints on

Vd2+ T-cells. Levels of these markers are modulated upon

phosphoantigen and mycobacterial activation and provide a

crucial target of tumour cells to regulate Vd2+ T-cell

responses. This work suggests crucial combinations of immune

checkpoint blockade that would be useful to improve the success

of Vd2+ T-cell in immunotherapy.
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SUPPLEMENTARY FIGURE 1

Gating strategy for activatory and inhibitory receptor expression. Doublets

were excluded by SSC-A versus SSC-W and lymphocytes gated based on
SSC-A versus FSC-A. Live cells were gated as negative for viability dye

Zombie Aqua. From the live population CD3 was gated against activatory
and inhibitory markers including NKG2A, KLRG1, BTLA, PD1, TIGIT, VISTA,

LAG3, TIM3, NKG2C, NKG2D, DNAM1, NKp30, NKp44 and NKp46.
Positivity was determined by quadrant gates set based on the

expression within live cells using a contour plot with level 5%. To

identify cell subsets CD3 positive and CD3 negative populations were
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gated. From the CD3 positive cells T-cells and Vd2 cells were gated based
on Vd2 expression. From the CD3 negative population NK cells were

gated based on positive expression of CD56. The positive quadrant gates
for activatory and inhibitory markers were then copied onto the relevant

cell sub-populations.

SUPPLEMENTARY FIGURE 2

Expression of NK associated activatory receptors and inhibitory

checkpoint receptors was determined in Vg9Vd2+ cells in PBMCs from

healthy donors at base line (A and B), following 24 hours stimulation with
IL-2 alone, ZA or BCG, both with IL-2 (C and D) or following 14 days

expansion with IL-2 alone, ZA or BCG, both with IL-2 (E and F). N=10.
*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001, non-parametric

ana lys i s o f var i ance wi th Tukey ’ s post hoc fo r mul t ip le
pairwise comparisons.
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SUPPLEMENTARY FIGURE 3

Expression of NK associated activatory markers on CD3+ T-cells (A)CD56
+ NK cells (B) and inhibitory checkpoint receptors on CD3+ T-cells (C)
and CD56+ NK cells (D) was determined in PBMC stimulated for 24 hours
with IL-2 alone, ZA or BCG, both with IL-2, using flow cytometry. N=10,

*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001, non-parametric mixed
effects analysis with Tukey’s post hoc for multiple pairwise comparisons.

SUPPLEMENTARY FIGURE 4

Expression of NK associated activatory markers on CD3+ T-cells (A)CD56
+ NK cells (B) and inhibitory checkpoint receptors on CD3+ T-cells (C)
and CD56+ NK cells (D) was determined in PBMC stimulated for 14 days

with IL-2 alone, ZA or BCG, both with IL-2, using flow cytometry. N=10,
*p<0.05, **p<0.005, ***p<0.0005, ****p<0.0001, non-parametric mixed

effects analysis with Tukey’s post hoc for multiple pairwise comparisons.
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Owing to their antitumor and major histocompatibility complex (MHC)-

independent capacities, gd T cells have gained popularity in adoptive T-cell

immunotherapy in recent years. However, many unknowns still exist regarding

gd T cells, and few clinical data have been collected. Therefore, this review aims

to describe all the main features of the applications of gd T cells and provide a

systematic view of current gd T-cell immunotherapy. Specifically, this review will

focus on how gd T cells performed in treating cancers in clinics, on the gd T-cell

clinical trials that have been conducted to date, and the role of gd T cells in the

pharmaceutical industry.

KEYWORDS

gd T cells, adoptive cell transfer (ACT), cancer immunotherapy, clinical
trial, immunotherapy
1 Introduction

There are two types of T cells: ab T cells and gd T cells. The former expresses a T-cell

receptor (TCR) comprising a heterodimer of a and b chains. The latter expresses a TCR

comprising a heterodimer of g and d chains, which normally do not express the co-

receptors CD4 and CD8, and account for, on average, 4% of human peripheral blood T cells

(1). gd T cells as a whole link the innate and adaptive immune responses. However, when

referring to gd T cells, it should be noted that they are not a homogeneous population, but

rather a heterogeneous group of cells with diverse properties (Table 1) (2). Based on the

TCR d chain variable gene expression, human gd T cells are normally divided into Vd2 T

cells and non-Vd2 T cells, with Vd1- and Vd3-expressing gd T cells accounting for the

majority of non-Vd2 T cells (2, 3). The distribution and frequency of gd T cell subset differ

dramatically in tissues and blood (2). Recently, non-Vg9Vd2 T cells have been considered a

more appropriate division of gd T cells and are the dominant gd T cells in organs and

lymphoid tissues, such as the skin, intestine, lungs, liver, lymph nodes, thymus, etc.,

representing the adaptive-like gd T cells (2, 4). In human blood, the majority (i.e.,

approximately 50%–95%) of gd T cells express a Vd2 chain paired with a Vg9 chain (5).

This subset (i.e., Vg9Vd2 T cells) specifically and universally (via semi-invariant polyclonal

expansion) recognizes phosphoantigens (PAgs) derived from microbes or transformed

cells (6, 7) through butyrophilin (BTN) family members BTN2A1 and BTN3A1 (8–10),

representing innate-like gd T cells.
frontiersin.org01116

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1140623/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1140623/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1140623&domain=pdf&date_stamp=2023-03-31
mailto:zzs@taiyuanshengwu.com
https://doi.org/10.3389/fimmu.2023.1140623
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1140623
https://www.frontiersin.org/journals/immunology


Ma et al. 10.3389/fimmu.2023.1140623
ab T cells recognize peptides, lipids, and metabolites presented

by the major histocompatibility complex (MHC), CD1, and MHC

class I-related protein (MR1), respectively. In contrast, the antigens

and ligands recognized by gd T cells remain largely unknown. Those

that have been identified are difficult to classify into clear-cut

categories (11–13). Human gd T cells are MHC independent and

have been found to recognize a wide range of ligand molecules, such

as BTN family proteins (BTN2A1/BTN3A1 and BTNL3/BTNL8),

MHC-related proteins [CD1a, CD1c, CD1d, MHC class I

polypeptide-related sequence A (MICA), UL16-binding protein

(ULBP4), endothelial protein C receptor (EPCR), HLA-B*5802,

and b2-microglobulin-free HLA heavy chain], ephrin type-A

receptor 2 (EphA2), and those lacking typical membrane

structural proteins [MutS homolog 2 (MSH2), heat shock protein

60 (hsp60), histidyl-tRNA synthetases, phycoerythrin (PE), and

mitochondrial F1-ATPase] (12–20). gd T cells recognize these

molecules through their TCRs and also express innate receptors,

such as natural killer (NK) receptors (e.g., NKG2D), Toll-like

receptors (TLRs), and Fc receptors (e.g., CD16), which recognize

ligands such as MICA, MHC class I chain-related (MIC) protein A

(MICA), MICB, and UL16-binding protein (ULBP) (21–23).

gdTcells playa role infighting infectiousand tumorousdiseases, as

well as a role in homeostasis, wound healing, and aging (4, 19, 24, 25).

In mouse studies, gd T cells also regulate body temperature and shape

neurons (2, 26). The immune response of gd T cells is intrinsically

biased toward type I immunity, which exerts strong cytotoxic (mainly

through granzyme B and perforin) effects on infected and tumor cells,

and results in increased IFNg production (27). However, the

differences in TCR genes between humans and mice (2, 28),

especially the absence of Vg9Vd2 T cells in common non-primate

experimental animals (29, 30), limits the relevance of preclinical in vivo

studies usingmousemodels for humanVg9Vd2T cells. Therefore, this

review will focus solely on human gd T cells.
2 gd T cells in cancer

2.1 Correlation with clinical prognosis

The relationship between gd T cells and cancer prognosis is

influenced by factors such as the pathological type of cancer (31),

the gd T-cell subset (32), the time of sample harvesting (33), and the

functioning state of the gd T cells (34). Clinical prognosis studies
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typically involve the analysis of either peripheral gd T cells or

tumor-infiltrating gd T cells, and common methods include flow

cytometry (35), immunohistochemistry (31, 36), and gene

expression measurement (34, 37). Early studies often measured

peripheral gd T cells without distinguishing subsets (38), whereas

later studies began to analyze subsets separately (35).

Overall, gd T cells are positively correlated with favorable

prognosis in cancerous diseases (39). The earliest observations that

suggested that gd T cells play a positive role in cancer prognosis came

from a follow-up study of allogeneic stem cell transplantation for

treating acute leukemia in the 1990s (40). Long-term follow-up found

5-year disease-free survival (DFS) and overall survival (OS) rates of

54.4% and 70.8%, respectively, among patients with increased levels of

peripheral gd T cells, compared with 19.1% and 19.6%, respectively,

among those without increased gd T cells, with no difference in graft-

versus-host disease rate (38). Later studies of acute leukemia in

children also supported this finding (41). Children with a higher

percentage of CD8+ gd T cells, even when sampled before treatment,

had a better prognosis (33). Further studies indicate that theVd8, Vd4,
and Vg9 subsets are positively correlated with good prognosis in acute
leukemia before treatment (42, 43). However, studies carried out in

patients with chronic lymphocytic leukemia found that peripheral

Vg9Vd2 T-cell numbers before treatment were negatively correlated

with disease progression and that those gd T cells were dysfunctional

towards zoledronate stimulation (44). This was also true in patients

with chronic myeloid leukemia (45).

In the case of solid tumors, peripheral Vg9Vd2 T cells have been

found to be positively correlated with OS or progression-free

survival (PFS) in patients with renal cell carcinoma (46),

melanoma (32, 47), and bladder cancer (37), as determined by

flow cytometry. However, the presence of the Vd1 subset in blood

was not found to be favorable in melanoma and bladder cancer. As

most studies on solid tumors have focused on tumor-infiltrating

cells, the majority of correlations between prognosis and gd T cells

have been found in tumor-infiltrating cells. Effector Vd1 gd T cells

have been found to be beneficial in skin cancers (32, 48), colon

cancer (34), and lung cancer (35), based on protein-level analysis.

Similarly, using the more commonly used gene expression analysis,

tumor-infiltrating gd T cells were found to be favorable in ovarian

cancer (49), head and neck cancer (50), and bladder cancer (37).

However, the roles of gd T cells have been found to vary in

different pathological types of breast cancer and in different studies.

In immunohistochemical studies, Ma et al. found that gd T cells
TABLE 1 Main features of human gd T cells.

Subset Distribution T cells (%) Ligands Innate-
like

receptors

Cytokines

Non-
Vg9Vd2

Organs and lymphoid tissues (skin,
intestine, lung, liver, thymus, lamina
propria, decidua, breast, spleen, etc.)

Approximately
0.5–16

BTNL3/BTNL8, CD1a, CD1c, CD1d, MICA, ULBP4,
EPCR, HLA-B*5802, b2-microglobulin-free HLA heavy
chain, EphA2, MSH2, hsp60, histidyl-tRNA synthetases,
PE

NKG2D,
TLR, CD16

IFNg, TNFa,
IL-17, IL-4,
IL-10, TGFb

Vg9Vd2 Blood Approximately
2–4

BTN2A1/BTN3A1, F1-ATPase
BTN, butyrophilin; MICA, MHC class I chain-related protein A; ULBP, UL16-binding protein; EPCR, endothelial protein C receptor; EphA2, ephrin type-A receptor 2; MSH2, MutS homolog 2;
hsp60, heat shock protein 60; PE, phycoerythrin.
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were negative indicators in non-triple-negative breast cancers (36),

whereas Allaoui et al. found the opposite correlation for non-triple-

negative cancers, and also found no clear correlations between gd T-
cell infiltration and triple-negative breast cancer (31). It is worth

noting that, according to the limited description of their method,

Allaoui et al. were comparing the presence and absence of gd T-cell
infiltration, whereas Ma et al. were comparing infiltration with

lower and higher numbers of gd T-cells, which may account for the

difference in the findings of the two studies. In other studies, gd T

cells, especially the Vd1 subset (51), have been more frequently

found to predict good outcomes in triple-negative breast cancer that

supported by protein-level or gene-level analyses (51, 52). Gene

expression analysis, using public databases, indicated that gd T cells

were positively correlated with good outcomes for all types of breast

cancer (53, 54). Interestingly, one study found that certain

peripheral TCR-g motifs were positively correlated with OS in

breast cancer (55).

In pancreatic cancer, high CD31 levels and lowCD73 levels in cancer

cells have been found to be associated with increasedOS and an increased

number of antitumor immune cells, including gd T cells (56, 57).
2.2 Anti-tumor and pro-tumor effects

The immune responses of gd T cells toward tumor cells have

been well summarized in other reviews (5, 27, 58–61). Generally,

human gd T cells are activated when tumor cells bind to their TCRs

and/or innate receptors, suchasNKcell receptors, in tumorconditions.

They exhibit direct cytotoxicity against different types of cancer cells,

modulate antitumor cytokines, and interactwithother immunecells to

eliminate tumors (27), which is in accordance with the favorable

prognosis linked to gd T cells clinically observed in malignant

diseases, as reviewed above. Fighting against tumor growth is among

the primary roles of human gd T cells, whether they are peripheral or

tissue-resident.However, clinical investigationshave also indicated the

importanceof the functional state of gdTcells in cancers (32, 35, 44). In

tumor environments, gd T cells can exhibit protumor effects by

producing IL-17, recruiting protumor myeloid immune cells, or

suppressing ab T-cell antitumor activities (62–64). The tumor

environment tends to educate gd T cells to serve it and selects the

protumor subsets (65). These “conditioned” protumor findings may

contribute to the unfavorable prognosis linked to gd T cells observed

in clinics.
3 gd T-cell immunotherapy in cancer

The historical development of adoptive T-cell therapy was

discovered through hematopoietic stem cell transplantation (HSCT)

and the graft-versus-leukemia effect. This effect showed that patients

with graft-versus-host disease had a lower relapse rate and that the

depletion of T cells led to a higher relapse rate (66). In the case of gd T
cells, their antitumor properties were observed in the late 1980s in

vitro (67), but it was not until the early 2000s that Hayday’s group

established their antitumor role in mice (27). Soon after that, gd T cells

began to be tested for treating malignant diseases in humans (68).
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Knowing the biological features of immune cells is crucial for using

them tohelpfight diseases.Asmentioned above,Vg9Vd2T cells are the

dominant and most studied subset in human peripheral blood. Their

semi-invariant TCRs recognize small non-peptide pyrophosphate

antigens through conformational changes after BTN2A1 and

BTN3A1 heterodimers bind PAgs intracellularly (8, 9). Typical

natural PAgs include isopentenyl pyrophosphate (IPP) and (E)-4-

hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP), with the

latter being the most potent natural PAg currently known (69). PAgs

are crucial metabolites that come from the universally present

isoprenoid biosynthesis pathway. IPP exists in all organisms, whereas

HMBPP is absent inmammals (69). Studies have shown that the level of

IPP is increased in abnormal human cells (7). Other than this direct

activating mode, aminobisphosphonates (N-BPs) and certain

alkylamines can indirectly activate Vg9Vd2 T cells through TCRs.

They inhibit the downstream enzyme farnesyl pyrophosphate

synthase (FPS, or FPPS), which plays a role in IPP synthesis and leads

to endogenous IPPaccumulation (2, 70).Once activated, the innate-like

Vg9Vd2 T cells intrinsically differentiate into cytotoxic and antitumor

cytokine-producing effector cells. Compared with other gd T-cell

subsets, Vg9Vd2 T cells are relatively harvest and to expand in vitro.

Asmore is known about non-Vg9Vd2 T cells, and the in vitro culturing

of Vd1 gd T cells on a comparable scale has become possible, Vd1 gd T
cells have started to attract attention and be introduced to gd T cell

immunotherapy (71).

In this section, we will review the strategies used for applying gd
T cells in patients, the results of completed trials of gd T-cell

therapies, and the results to date of ongoing clinical trials of gd T-

cell therapies.
3.1 Current strategies in practice

Cancer immunotherapy is about how to safely unleash the

anticancer power of immune cells. The first and most important

step is to efficiently activate immune cells. Until now, most efforts to

apply gd T cells in clinics have focused on boosting the Vg9Vd2 subset
because its stimulant effect on the immune system is relatively clear.

As mentioned earlier, Vg9Vd2 T cells can be directly or indirectly

activated by PAgs or N-BPs. N-BPs are conveniently well-established

drugs in clinics that are used to treat bone diseases such as

osteoporosis, metastatic bone disease, multiple myeloma, and

hypercalcemia of malignancy (72). N-BP drugs, such as

pamidronate and zoledronate, are usually given intravenously, and,

therefore, might readily activate the peripherally dominant Vg9Vd2 T
cells in vivo. Early gd T-cell trials followed this approach (Figure 1A)

(68, 73). However, the response rate of patients’ Vg9Vd2 T cells

toward N-BP drugs was not satisfactory and repeated administrations

led to a reduction in peripheral Vg9Vd2 T cells. All of these

shortcomings would greatly hamper the treatment (68, 74).

Activating Vg9Vd2 T cells in vitro followed by adoptive

transfer to patients would largely avoid these problems. Indeed,

shortly after the in vivo attempt, researchers started to activate (by

either direct stimulants, such as IPP and synthetic PAgs, or indirect

stimulants such as zoledronate) the patient’s own Vg9Vd2 T cells

in vitro and then reinfuse the patient with them (75–77). This
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approach follows the common practice in adoptive T-cell

immunotherapy, which uses autologous cells. However, it also

shares flaws with current adoptive T-cell immunotherapy, such as

the fact that the immune environment in patients often works

against antitumor effects and large differences between patients in

gd T-cell numbers and in their capacity to increase the number of

gd T-cells (32, 47, 78, 79). The unique features of gd T cells also

provide a solution to these problems. By taking advantage of their

MHC-independent nature (e.g. they can be used in situations

where MHC matching between the donor and recipient is not

possible; the innate-like recognition of stress-induced antigens (7)

provides a fast reaction; and the more limited repertoire of gd
TCRs (80) means that they are less likely to recognize and attack

host tissues), the allogeneic adoptive transfer becomes possible.

Early HSCT therapies found that using ab T-cell depleted method

to treat patients caused fewer cases of graft-versus-host disease

and, importantly, those who developed graft-versus-host disease

but had high levels of gd T cells were less likely to experience
Frontiers in Immunology 04119
relapse (38, 81). These results are encouraging, supporting the use

of the a l logeneic adoptive transfer of gd T cel ls in

cancer immunotherapy.

Repeated infusion of allogeneic Vg9Vd2 T cells is safe and has

shown promising effects in treating liver and lung cancers (82). In

recent years, the use of a humanized anti-BTN3Amonoclonal antibody

(ICT01) to activate Vg9Vd2 T cells has been explored as a potential

treatment formultiple cancers (83). Preliminary results showed that the

treatment was well tolerated, and disease control rates of 22%–42%

were achieved in the completed phase I trial (Imchecktherapeutics.com:

Imcheck Therapeutics). In addition to the previously mentioned

strategies aimed at utilizing the inherent anticancer capabilities of

Vg9Vd2 T cells, there have been recent human trials investigating gd T-
cell-related T-cell modifications. These modification techniques

include the addition of a chimeric antigen receptor (CAR) to gd T

cells to create CAR-gd T cells; the transfer of antitumor gd TCR toabT
cells (TEG001, GDT002, GDT201); the fusion of an antibody anti-

CD19 Fab region and the transmembrane andendo domains of a gd
D

A B

C

FIGURE 1

Overview of cohorts from completed gd T-cell immunotherapy trials. (A) Timeline of completed gd T-cell immunotherapy trials in clinics by cohort;
colors indicate treatment type (n = 37). (B) Detailed treatment methods applied in the cohorts treated with adoptive cell transfer (ACT) combined
with other treatments except for IL-2 treatment (ACT+) (n = 13). Chemo: conventional therapies, mostly chemotherapy. In vivo: in vivo stimulation of
Vg9Vd2 T cells using zoledronate. IRE: irreversible electroporation. ACTeg: engineered T cells. LD chemo: lymphodepletion chemotherapy. (C)
Tumor types (pie chart) and detailed diseases (bar chart) of gd T-cell immunotherapy cohorts (n = 37); colors indicate treated tumor types. (D)
Average, maximum, and minimum gd T-cell total infusion doses of cohorts with dosage information (ACT, n = 12, ACT+, n = 4). The lower and upper
hinges of the boxplot show the 25th and 75th percentile, respectively. The medians are indicated inside the box, and p-values (Wilcoxon rank-sum
test) are also indicated.
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TCR, as well as a separate CD19 single-chain variable fragment (scFv)

and a 4-1BB costimulatory molecule, to create a novel T cell

(ET019003) to treat B-cell lymphoma (84).

As for the new subject of research, Vd1 gd T cells, there are

currently two phase I clinical trials in progress. Both trials are

using allogeneic Vd1 T cells. The first trial (NCT05001451) is

using non-modified Vd1 T cells (GDX012) to treat acute

myeloid leukemia, while the other trial (NCT04735471) is

using anti-CD20 CAR-modified Vd1 T cells (ADI-001) to

treat B-cell malignancies.
3.2 Current gd T-cell immunotherapy
clinical results

A PubMed® (National Library of Medicine, Bethesda, MD,

USA) search found that, as of October 2022, there were at least

28 studies (37 cohorts) of gd T-cell immunotherapy in progress in

clinics, all of which were using Vg9Vd2 T cells. These studies

included a total of 559 patients, 396 of whom tumor responses

were measurable. As reviewed above, there are different strategies for

applying gd T-cell treatment; thus, in this systematic analysis, in vivo

stimulation, adoptive cell transfer (ACT, including autologous and

allogeneic), and ACT combined with other treatments, except for IL-

2 treatment (ACT+), are compared. There were 14 cohorts receiving

in vivo stimulation and 23 cohorts receiving reinfusion (Figure 1A).

Early studies were normally of a single treatment, either in vivo

stimulation or gd T-cell infusion, with or without IL-2 treatment and

vitamin D supply (68, 73, 75–77, 85–87), while later studies started to

combine gd T-cell therapy with other traditional treatments, typically

chemotherapy (Figures 1A, B). A combination of ACT and in vivo

stimulation produced the first reported complete response in a

metastatic renal cell carcinoma cohort of patients (Table 2) (88).

Overall, 81% of the cohorts received gd T-cell therapy for the

treatment of solid cancers (Figure 1C). Patients in these cohorts had a

wide range of solid malignancies, with lung cancer and renal cell

carcinoma being the most tested tumors (Figure 1C, right). Excluding

one study in which the patients’ median age was unclear (93), the

median age ranged from 13.5 years in those receiving neuroblastoma

treatment to 68 years for those receiving treatment for prostate cancer

(Table 2). The highest median age, 72 years, was in a cohort with

hematological cancer receiving treatment for acute myeloid leukemia

(92). In addition, in the case of adoptive transfer treatment,

information on the total infusion dose was available for 16 cohorts.

The medians of the average total doses for ACT and ACT+ treatment

were 9.1 × 109 cells and 1.6 × 109 cells, respectively. There were no

differences betweenACTandACT+ in terms of total doses (Figure 1D,

Wilcoxon rank-sum test). gd T-cell therapy was normally applied

throughmultiple infusions, and the range of total infusion dose varied

quite widely among patients (from 0.01 × 109 cells to 88.8 × 109 cells).

Of the 307 patients (from 27 cohorts) whose tumor responses

could be measured (not including the 89 patients whose outcomes

were recorded only in terms of OS and PFS), the overall results,

regardless of strategy, were an objective response (OR) rate of 18%

[including complete response (CR) and partial response (PR), with

a pooled OR rate of 9.7%, 95% confidence interval (CI) 2.7%–19.3%;
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Figure 2] and a stable disease (SD) rate of 31% (pooled SD rate of

27.6%, 95% CI 20.3%–35.5%; Supplemental Figure 1), based on

criteria from RECIST (Response Evaluation Criteria in Solid

Tumors) or RECIST v.1.1 (Figures 2, 3A).

The three strategies had statistical differences in outcomes

(p = 0.000, Pearson’s chi-squared test). According to single-rate

meta-analysis, the pooled OR rate for in vivo stimulation, ACT, and

ACT+ was 8.7% (95% CI 1.1%–20.3%), 0.5% (95% CI 0%–5%), and

35.5% (95% CI 4.8%–73.3%), respectively (Supplemental Figure 2).

When compared separately using the number of patients from

each condition, in vivo stimulation vs. ACT (p = 0.000, Pearson’s

chi-squared test; Figure 3A) and ACT vs. ACT+ (p = 0.000,

Pearson’s chi-squared test; Figure 3A) showed significant

differences, while in vivo stimulation vs. ACT+ (p = 0.03,

Pearson’s chi-squared test) were similar at a significance level of

0.017. However, when examining the results in detail, it was found

that the best response to in vivo stimulation treatments was only PR,

with the largest contribution coming from the study that combined

in vivo stimulation with PD-1 treatment (104). In contrast, 11 out of

the 20 OR patients treated with ACT+ achieved CR (Figure 3A, pie

chart). Furthermore, as tumor type can have a significant impact on

treatment response, the responses of patients with hematological

cancers and solid cancers were compared in this group of 307

patients (Figure 3B, Supplemental Figure 4). Of these, 49 patients

had hematological cancer, whereas 258 patients had solid cancers.

Among hematological cancer patients, 37% (18 patients) achieved

OR (pooled OR rate 30.1%, 95% CI 3.2%–65.7%), and among solid

tumor patients 14% (36 patients) achieved OR (pooled OR rate

5.6%, 95% CI 0.7%–13.1%).

The two cancer types had significantly different responses to gd T-
cell therapy in general (p = 0.001, Pearson’s chi-squared test).

However, conclusions should be drawn with caution, as the above

analysis shows that the choice of treatment strategy also greatly

influences patient response. Among patients with a measurable

response, the choice of treatment strategy differed between

hematological cancers and solid tumors (p = 0.002, Pearson’s chi-

squared test), with 32% of solid cancer patients being treated with the

lower response rate ACT treatment and 33% of blood cancer patients

being treated with ACT+ treatment (Figure 3C, Table 3). It was not

possible to compare the responses of different treatments separately in

patients with hematological cancers and those with solid tumors, as

only the number of patients with solid tumors was sufficient for

statistical analysis. In patients with solid tumors, as in patients overall,

there were differences in response between treatments (p = 0.003,

Pearson’s chi-squared test; Table 3), with in vivo stimulation and ACT

+ showing better OR results than ACT alone [OR rates of 19.7% for in

vivo stimulation and 17.9% for ACT+ vs. 2.4% for ACT alone; pooled

OR rates for in vivo stimulation, ACT+, and ACT alone of 6.9% (95%

CI 0.0%–20.2%), 18.4% (95% CI 0.0%–58.3%), and 0.6% (95% CI

0.0%–5.5%), respectively, Supplemental Figure 6].

Among the 138 patients for whom detailed information, such as

age and sex, was recorded alongside treatment responses, no

significant differences depending on these characteristics were

observed (Table 4, Supplemental Figure 10). Of these 138

patients, 49 and 89 patients suffered from hematological and solid

cancers, respectively. Nine hematological malignancies were
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TABLE 2 Current gd T cell therapy clinical results.

Study Year Disease Age
(years)
(median)

Treatment
type

Treatment Outcome Reference

Wilhelm
et al.

2003 Lymphoma,
multiple myeloma

67.5 In vivo
stimulation

Pamidronate + IL-2 (continuous IV
from d3)

1 SD (10%) (68)

Lymphoma,
multiple myeloma

52 In vivo
stimulation

Pamidronate + IL-2 (bolus IV from d1) 3 PR (33%), 2 SD (22%)

Dieli et al. 2007 Prostate cancer 68 In vivo
stimulation

Zoledronate + Ca/vitamin D 1 SD (11%), 1 PR (11%) (73)

Prostate cancer 68 In vivo
stimulation

Zoledronate + IL-2 + Ca/vitamin D 2 PR (22%), 4 SD (44%)

Kobayashi
et al.

2007 Renal cell
carcinoma

51 ACT Autologous, IPP-expanded Vg9Vd2 T
cells + IL-2

3 prolonged tumor
doubling time (60%)

(75)

Bennouna
et al.

2008 Renal cell
carcinoma

57 ACT Innacell gd™ + IL-2 6 SD (60%) (76)

Abe et al. 2009 Multiple myeloma 57.5 ACT Autologous, zoledronate-expanded
Vg9Vd2 T cells

4 SD (67%) (77)

Bennouna
et al.

2010 Solid tumor 56 In vivo
stimulation

BrHPP + IL-2 12 SD (43%) (85)

Meraviglia
et al.

2010 Breast cancer 63 In vivo
stimulation

Zoledronate + IL-2 1 PR (10%), 2 SD (20%) (86)

Nakajima
et al.

2010 Lung cancer 66 ACT Autologous zoledronate-expanded
Vg9Vd2 T cells

3 SD (30%) (87)

Kobayashi
et al.

2011 Renal cell
carcinoma

61 ACT+ Autologous IPP-expanded Vg9Vd2 T
cells + zoledronate + IL-2

1 CR (9%), 5 SD (45%) (88)

Lang et al. 2011 Renal cell
carcinoma

57 In vivo
stimulation

zoledronate + IL-2 2 SD (17%) (74)

Nicol et al. 2011 Solid tumor 59.5 ACT+ Autologous zoledronate-expanded
Vg9Vd2 T cells + zoledronate

2 SD (33%) (89)

Solid tumor 61 ACT+ Autologous, zoledronate-expanded
Vg9Vd2 T cells + zoledronate

1 SD (11%)

Solid tumor 44 ACT+ Autologous zoledronate-expanded
Vg9Vd2 T
cells + zoledronate + conventional
treatment

1 CR (33%), 2 PR (67%)

Sakamoto
et al.

2011 Lung cancer 67 ACT Autologous zoledronate-expanded
Vg9Vd2 T cells

6 SD (40%) (90)

Noguchi
et al.

2011 Solid tumor 60 ACT Autologous zoledronate-expanded
Vg9Vd2 T cells

2 SD (50%) (91)

Solid tumor 60 ACT+ Autologous zoledronate-expanded
Vg9Vd2 T cells + zoledronate or
conventional therapies

3 PR (30%), 1 SD (10%)

Kunzmann
et al.

2012 Renal cell
carcinoma

61 In vivo
stimulation

Zoledronate + IL-2 3 SD (43%) (92)

Melanoma 43.5 In vivo
stimulation

Zoledronate + IL-2 1 SD (17%)

Leukemia 72 In vivo
stimulation

Zoledronate + IL-2 2 PR (25%), 2 SD (25%)

Izumi et al. 2013 Colorectal cancer unclear ACT Autologous zoledronate-expanded
Vg9Vd2 T cells

– (93)

Wilhelm
et al.

2014 Hematological
malignancies

67 ACT+ Lymphodepletion + zoledronate + CD4/
8 T cell-depleted PBMC

3 CR (75%) (94)

(Continued)
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treated, with lymphoma being the most tested tumor [including B-

cell lymphoma (lymphoma), follicle center lymphoma (FCL),

mantle zone lymphoma (MZL), and T-cell non-Hodgkin

lymphoma (T-NHL); Figure 4A]. A recent cohort study that used

modified gd T cells to treat B-cell lymphoma had the best response

rate (Figure 4A, Table 2) (84). For solid tumors, there were 12 kinds

of cancers recorded, with 10 cancers in female patients (n = 38)

(Figure 4B, left panels) and seven cancers in male patients (n = 51)

(Figure 4B, right panels). The type of cancer found most often in

tested patients of both sexes was lung cancer, which was treated in
Frontiers in Immunology 07122
all cases with ACT (Figure 4B, lower panels); however, the

outcomes were moderate (Figure 4B, upper panels). Out of 38

female solid cancer patients, three reached OR, all with ACT+

treatment. Although treatment strategy matters, it is interesting to

note that, among the ACT+-treated tumors, these positively

responding cancers were all female-related (Figure 4B, upper left,

pie chart). However, the sample size was too small to draw a

conclusion. Among male solid cancer patients, 55% were treated

with ACT, two patients reached OR, and the only CR patient

received ACT+ treatment (Figure 4B, right panels).
TABLE 2 Continued

Study Year Disease Age
(years)
(median)

Treatment
type

Treatment Outcome Reference

Wada et al. 2014 Gastric cancer 58 ACT+ Autologous zoledronate-expanded
Vg9Vd2 T cells + zoledronate

Tumor cells in ascites
reduced

(95)

Cui et al. 2015 Gastric cancer 58.5 ACT+ Autologous NK cells, gd T cells, and/or
cytokine-induced killer
cells + chemotherapy

PFS: 14 vs 8.5 months
(chemo only) in stage III
cancers

(96)

Pressey
et al.

2016 Neuroblastoma 13.5 In vivo
stimulation

Zoledronate + IL-2 1 SD (25%) (97)

Aoki et al. 2017 Pancreatic cancers 65 ACT+ Autologous zoledronate-expanded
Vg9Vd2 T cells + chemotherapy

Increased gd T cell
percentage in non-
recurrent patients

(98)

Sugie et al. 2018 Breast cancer 65 In vivo
stimulation

Zoledronate + letrozole OR rate by MRI: 38.2%;
by caliper: 50%; by
ultrasound: 51.7%;

(99)

Xu et al. 2020 Lung cancer 59.5 ACT Allogeneic zoledronate/vitamin C-
expanded Vg9Vd2 T cells

1 SD (10%) (82)

Liver cancer 47.5 ACT Allogeneic zoledronate/vitamin C-
expanded Vg9Vd2 T cells

1 CR (12.5%), 1 SD
(12.5%)

Lin et al. 2020 Pancreatic cancer 63 ACT+ Allogeneic zoledronate-expanded
Vg9Vd2 T cells + irreversible
electroporation (IRE)

OS: 14.5 vs. 11 months
(IRE only); PFS: 11 vs. 8.5
months (IRE only)

(100)

Kakimi
et al.

2020 Lung cancer 66 ACT Autologous zoledronate-expanded
Vg9Vd2 T cells + IL-2

Median PFS: 95 days;
median OS: 418 days; 1
PR (4%), 16 SD (64%)

(101)

Fazzi et al. 2021 Multiple myeloma 60 In vivo
stimulation

Zoledronate + IL-2 + Ca/vitamin D 8 CR (18%) (102)

Zhang
et al.

2021 Liver cancer 53 ACT+ Allogeneic zoledronate/vitamin C
expanded Vg9Vd2 T
cells + locoregional therapy (LT)

Median OS: 13 vs. 8
months (LT only); median
distant PFS: 8 vs. 4
months (LT only)

(103)

Intrahepatic
cholangiocarcinoma

56 ACT+ Allogeneic zoledronate/vitamin C
expanded Vg9Vd2 T
cells + locoregional therapy

Median OS: 9 vs. 8
months (LT only); median
distant PFS: 8 vs. 4
months (LT only)

Zheng et al. 2022 Lung cancer 59 In vivo
stimulation

Zoledronate + anti-PD-1 PFS: 5.4 vs. 2.8 months
(without zoledronate); OS:
16.7 vs. 12.8 months
(without zoledronate); 23
PR (44.2%), 16 SD
(30.8%)

(104)

He et al. 2022 Lymphoma 52 ACT
engineered

ET019003 T cells 6 CR (50%), 4 PR (33.3%),
1 SD (8.3%)

(84)
f

SD, stable disease; PR, partial response; CR, complete response; OS, overall survival; PFS, progression-free survival.
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In addition, when investigating if the number of cells reinfused

in patients was associated with outcomes, it was found that, among

the 94 patients from eight cohorts treated by gd T-cell reinfusion,

dosage information was available for 46 patients (four cohorts). In

general, this sample followed the tendency of the above statistical
Frontiers in Immunology 08123
analysis (Table 4, n = 46), except that there were no differences in

the frequency of use of each strategy between hematological and

solid cancers. Although the sample size was not large enough for

statistical analysis, the response rates of blood and solid cancers

were quite different (Table 4, n = 46; Figures 5A–C). This was
FIGURE 2

Forest plot of objective response (OR) rate (n = 27). The OR indicates the number of patients in each cohort who achieved an objective response.
The total indicates the total number of measurable patients in each cohort. The OR rate, 95% confidence interval (CI), and weights of fixed- and
random-effects models are indicated for each cohort. Blue squares show the mean OR rate of each cohort, and the size indicates the weight of the
cohort; gray lines show the 95% CI, and the diamond shapes show the pooled weighted means of the OR rate using fixed- and random-effects
models.
A

B

C

FIGURE 3

Overview of patients treated with gd T-cell immunotherapy (n = 307). (A) Proportions of treatment outcomes in total measurable patients and
different treatment types [in vivo stimulation, n = 164; adoptive cell transfer (ACT), n = 88; ACT combined with other treatments except for IL-2
treatment (ACT+), n = 55]. Pie charts show the proportions of complete response (CR) and partial response (PR) within objective response (OR)
patients for each treatment method (in vivo stimulation, n = 32; ACT, n = 2; ACT+, n = 20). (B) Proportions of treatment outcomes in different types
of tumors (solid, n = 258; hematological, n = 49). Pie charts show the proportions of CR and PR within OR patients for each tumor type (solid,
n = 36; hematological, n = 18). (C) Proportions of treatment types applied in different types of tumors (solid, n = 258; hematological, n = 49). p-
values (Pearson’s chi-squared test) are indicated in (A–C). PD, progressive disease; SD, stable disease; OR, objective response; CR, complete
response; PR, partial response.
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mainly due to the cohort with lymphoma that was treated with

modified T cells. This cohort also influenced the difference in

responses between age groups (Table 4, n = 46; Figures 5A–D), as

75% of the patients in this cohort were less than 60 years old (84),

whereas the other three cohorts had equal numbers of patients

above and below 60 years old. Overall, the total cell dose tended to

be positively correlated with infusion times (Figure 5) and ranged

from 0.1 × 109 cells to 31.4 × 109 cells. Interestingly, those with an

OR response were not necessarily reinfused with the highest gd T-cell
numbers, but all received ACT+ treatment (Figures 4A, B, Table 5).

This was in accordance with the fact that total infusion doses were

generally higher in the case of the less effective ACT treatment than

when ACTwas combined with other treatments (Figure 5B, Table 5).
Frontiers in Immunology 09124
However, higher doses tended to stabilize disease progression

(Figure 5A, Table 5). When considering only unmodified T-cell

therapies (n = 34), as the cohort using modified T-cells strongly

influence the analysis, the dosages were significantly different when

comparing treatment types and sex (Table 4). Male patients tended to

be infused with higher doses of Vg9Vd2 T cells (Figure 5E, Table 5).
3.3 Currently registered gd T cell clinical
trials

As of 15 November 2022, at least 48 gd T cell-related clinical trials

had been registered on the ClinicalTrials.gov website. Of these trials,
TABLE 3 Treatment strategy influences in gd T cell immunotherapy (n = 307).

Treatment differences between hematological and solid tumors Pearson’s chi-squared test

In vivo ACT ACT+ p = 0.002

Hematological 27 6 16

Solid 137 82 39

Hematological tumors

OR SD PD NA

In vivo 5 5 17

ACT 0 4 2

ACT+ 13 1 2

Solid tumors

OR SD PD p = 0.003

In vivo 27 42 68

ACT 2 35 45

ACT+ 7 9 23
NA, not applicable for statistical analysis; OR, objective response; PD, progressed disease; SD, stable disease.
TABLE 4 Sex, age, tumor type, and treatment strategy influences in gd T cell immunotherapy (n = 138).

Row (R) Column (C) Pearson’s chi-squared test (n = 138) Pearson’s chi-squared test (n = 46)

Sex Responses p = 0.214 p = 0.444

Treatments p = 0.619 p = 0.122

Age p = 0.018 p = 0.137

Tumor type p = 0.789 p = 0.365

Age Responses p = 0.087 NA (p = 0.005)

Treatments p = 0.351 p = 0.112

Tumor type p = 1.000 p = 0.156

Tumor type Response p = 0.000 NA (p = 0.001)

Treatment p = 0.000 p = 1.000

Treatments Responses p = 0.000 NA (p = 0.003)
Comparisons: sex (female vs. male), age (≤ 60 years vs. > 60 years), tumor type (hematological malignancies vs. solid tumor), treatment [in vivo stimulation, adoptive cell transfer (ACT), and
ACT combined with other treatments except for IL-2 treatment (ACT+) and responses [objective response (OR), stable disease (SD), and progressed disease (PD)]. The n = 138 sample comprises
all the patients with detailed information corresponding to treatment outcomes. The n = 46 sample comprises patients who received gd T-cell infusions and with indicated infusion cell numbers.
NA, not applicable for statistical analysis.
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30 (63%) were ongoing (Figure 6A, left), and most of them were phase

I trials aimed at testing the safety and preliminary efficacy of using

Vg9Vd2 T cells to treat cancers (Figure 6A, middle). China and the

United States accounted for 81% of the initiators of all these trials

(Figure 6A, right). Compared with the completed trials analyzed

above, these registered trials show the dynamic evolution of

strategies for applying gd T cells in clinics (Figure 6B). The earliest

gd T-cell clinical trials registered on ClinicalTrials.gov were started in

2003, the same year that Wilhelm et al. published their study on the

use of gd T cells to treat hematological malignancies (68). More than a

decade later, the registration rate was quite stable; from 2003 to 2016,

only nine gd T-cell clinical trials were started.

Interestingly, since 2017, there has been a dramatic increase in

the number of gd T-cell clinical trials (Figures 5B–D). The first

clinical trial using modified gd T cells (CAR-T) was posted in 2016

and started in 2017 in China, the same year that the FDA (US Food

and Drug Administration) approved the world’s first CAR-T cell

immunotherapy (Kymriah) to treat leukemia. Since then, 10 more
Frontiers in Immunology 10125
CAR-modified gd T-cell therapies, one gene-modified study focused

on increasing gd T cells ’ chemo drug-resistance (105)

(NCT04165941), and one study applying TCR-T cell technology,

which transduces tumor cytotoxic gd TCR to ab T cells (106, 107)

(NCT04688853), have been started. In addition to manipulating T

cells directly, the use of Vg9Vd2 T-cell-activating antibodies, either
humanized anti-BTN3A antibodies (83) (NCT04243499) or

engineered tumor-gd TCR bispecific antibodies (NCT05369000,

NCT04887259), has become a new trend in the last 2 years.

Antibody drugs have many advantages; for example, they can be

obtained “off the shelf”, they are easy to produce, it is easy to ensure

quality and to operate batch control, and they are relatively low cost.

For therapies involving gd T-cell infusion, 2017 was also a turning

point, with healthy donor-derived gd T cells arriving on the market.

Of the 34 adoptive cell transfer trials after 2017, after excluding four

trials that did not indicate cell origin, 20 out of 30 clinical trials used

allogeneic gd T cells (Figure 6C). When looking at the treated cancer

types, before 2017, gd T-cell therapy was dedicated to treating solid
A

B

FIGURE 4

Overview of cancer types of patients treated with gd T-cell immunotherapy (n = 138). (A) Diseases (left) and chosen treatment strategies (right) of
hematological cancer patients (n = 49). Pie charts show the proportions of patients who achieved a complete response (CR) or a partial
response (PR) after treatment (CR, n = 9; PR, n = 9). (B) Diseases (upper) and chosen treatment strategies (lower) of female (left) and male (right)
solid tumor patients (female, n = 38; male, n = 51). Pie charts show the proportions of patients who achieved a CR or PR after treatment (female
CR, n = 1; female PR, n = 2; male CR, n = 2). MM, multiple myeloma; AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; FCL,
follicle center lymphoma; MZL, mantle zone lymphoma; IC, immunocytoma; SPL, secondary plasma cell leukemia; T-NHL, T-cell non-Hodgkin
lymphoma; RCC, renal cell carcinoma.
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TABLE 5 Cell dosage differences by treatment outcome, strategy, tumor type, age, and sex in gd T cell immunotherapy (n = 46).

Median dose (109 cells)
(n = 46)

p-value (Wilcoxon test)
(n = 46)

Median dose (109 cells)
(n = 34)

p-value (Wilcoxon test)
(n = 34)

Responses OR 0.486 OR vs. SD: 0.003; OR vs. PD:
0.001

3.6 ns

SD 7.2 9.6

PD 4.5 4.6

Treatments ACT 10.2 0.000 10.2 0.000

ACT+ 0.95 2.5

Tumor
type

Blood 0.52 0.008 7.8 ns

Solid 3.8 3.8

Age (years) ≤60 1.25 ns 3.6 ns

>60 4.7 5.2

Sex Female 3 ns 3.5 0.046

Male 2.6 7.2
F
rontiers in Im
munology
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The n = 46 sample comprises patients who received gd T cell infusions and with indicated infusion cell numbers. The n = 34 sample comprises patients who were reinfused with unmodified gd T
cells. ns, not significant.
D
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FIGURE 5

Relationships between gd T cell reinfusion doses and treatment outcome, strategy, tumor type, age, and sex (n = 46). (A) Relationship between
treatment outcome and dosage. gd T-cell total infusion cell numbers (10 (9) cells) were divided into five groups and are presented on the x-axis; the
y-axis indicates total infusion times. The bubble color indicates the treatment outcome, and the bubble size indicates the number of patients. (B)
Relationship between treatment strategy and dosage. (C) Relationship between tumor type and dosage. (D) Relationship between age and dosage.
(E) Relationship between sex and dosage.
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tumors, but this changed after the launch of CAR-gd T cell therapy

(Figure 6D). Currently registered CAR-gd T-cell therapy trials are

mainly testing its use in hematological malignancies, following the

successful use of typical CAR-T-cell therapy. Leukemia and liver
Frontiers in Immunology 12127
cancers are the most tested blood and solid cancers, respectively

(Figure 6D, right).

In the case of adoptive cell transfer, 22 of the trials provided

dosage information. There are two ways of calculating dosage: one
D

A

B

E

F

C

FIGURE 6

Overview of currently registered gd T-cell immunotherapy clinical trials (n = 48). (A) Proportions of currently registered gd T-cell immunotherapy
clinical trials according to status, phase, and location. (B) Timeline of registered clinical trials by treatment strategy. The pie chart shows the
proportion of trials for each strategy. (C) Timeline of registered clinical trials by infusion cell origin. (D) Timeline of registered clinical trials by tumor
type (left) and detailed malignancies involved in registered trials (right). The pie chart indicates the proportions of different tumor types across all
registered trials. (E) Planned infusion dosage of registered trials. Left: treatment strategies are indicated on the x-axis, and planned gd T-cell infusion
cell numbers are indicated on the y-axis. The round yellow dot shows the planned maximum infusion dose, and the gray triangle dot shows the
planned minimum infusion dose. The bar connects the maximum and minimum number for each trial. Right: the proportions of different planned
minimum (upper) and maximum (lower) infusion doses. (F) Upper age limit of registered gd T-cell immunotherapy clinical trials. Left: proportions of
different upper age limits. Right: the relationship between upper age limits, treatment strategy usages, and tumor types. The bubble color shows the
tumor type of the trial, and the bubble size indicates the number of trials. (C–F) Not applicable: strategies not involving cell infusion; not defined:
infusion cell origin not defined.
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is based on the body weight of patients, giving the infusion cell

number per kg, and the other is based on the total cell number per

infusion, regardless of body weight. To easily analyze the two

systems together and compare the results, as far as possible, with

the results of completed trials the cell number was multiplied by 10

for those trials that considered patients’ weight for dosage. The

expected infusion doses were mainly between 107 and 108 cells per

infusion (Figure 6E). It is important to note that, among the 22

trials, excluding those that did not indicate infusion times, six trials

used a single infusion, and eight used multiple infusions (mostly

four or six infusions). Thus, when considering body weight and the

number of infusions (multiple infusion trials also tended to have a

higher dose per infusion), the maximum total planned dose may

increase to 109 cells for most trials. The planned doses were similar

to those administered to the 16 cohorts in completed trials, in which

the median of average cell dose (regardless of ACT or ACT+) was

5.85 × 109 cells (Figure 1D), and the medians of the minimum and

maximum infusion doses were 0.75 × 109 and 14.15 × 109

cells, respectively.

Furthermore, regarding the T-cell subtype, except for three

trials that transferred gd TCR or part of gd TCR to ab T cells, all the

other trials used gd T cells. Currently, only two trials are using

allogeneic Vd1 gd T cells to treat hematological malignancies

(NCT04735471 and NCT05001451); all the other registered

clinical trials are focused on the use of Vg9Vd2 T cells. As

mentioned earlier, the number of Vg9Vd2 T cells gradually
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declines with age (108, 109); this might be considered as a

possible influencing factor on treatment outcomes, especially in

trials using autologous gd T cells or trials applying in vivo

stimulation or activating antibodies. Regarding exclusion criteria,

35% of the registered trials did not set an upper limit on the eligible

age of participants (Figure 6F), whereas 27% of the trials used an age

below 75 years as an inclusion criterion. Among the 14 trials using

autologous gd T cells, 10 trials included either a lower age limit of 75

years or no age limit in their inclusion criteria. The majority of in

vivo stimulation and Vg9Vd2 T-cell-activating antibodies trials do

not have an upper age limit (Figure 6F). Indeed, for early-phase

clinical studies, age limitation was not the priority for exclusion

criteria. In future, if possible, the effect of age should be carefully

tested and compared during these early phases to give better

treatment choices for different age groups of patients.
4 Use of gd T cells in the
pharmaceutical industry

Although many features of gd T cells are still unknown, their

practical uses can still be studied and applied. Currently, at least 29

pharmaceutical companies have made progress in developing gd T-
cell-based therapies for fighting cancers. Table 6 lists both the

preclinical and clinical stage gd T-cell-related anticancer products

being developed by these companies. Compared with the currently
TABLE 6 Preclinical and clinical stage therapeutic gd T cells in the pharmaceutical industry.

Company Drug Approach Biological Condition

Acepodia ACE1831 Antibody–cell conjugation Allogeneic, anti-CD20, Vd2 T cells Lymphoma

ACE2016 Antibody–cell conjugation Allogeneic, anti-EGFR, Vd2 T cells EGFR-expressing solid
tumors

ACE1708 Antibody–cell conjugation Allogeneic, anti-PD-L1, Vd2 T cells PD-L1-expressing
cancers

ACE1975 Antibody–cell conjugation Allogeneic, target undisclosed, Vd2 T
cells

Undisclosed

ACE2023 Antibody–cell conjugation Allogeneic, target undisclosed, Vd2 T
cells

Undisclosed

Adicet ADI-001 CAR Allogeneic, anti-CD20, Vd1 T cells Lymphoma

ADI-925 Engineered chimeric adapter (CAd) Allogeneic, tumor stress ligands, Vd1 T
cells

Multiple cancers

ADI-*** – Anti-CD70 Multiple cancers

ADI-*** – Anti-PSMA Prostate cancer

ADI-*** – Anti-B7-H6 Multiple cancers

ADI-*** – Undisclosed Multiple myeloma

ADI-*** – Undisclosed Solid tumors

ADI-002 CAR Allogeneic, anti-GPC3, IL-15 secreting,
Vd1 T cells

Liver cancer

American Gene
Technologies

ImmunoTox Genetic medicine delivered to tumor cells Up-regulate PAgs in tumor cells to
activate Vg9Vd2 T cells in situ

Prostate and liver
cancer

(Continued)
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TABLE 6 Continued

Company Drug Approach Biological Condition

AVM Biotechnology AVM0703 High-concentration dexamethasone
phosphate drug

– Lymphoma, leukemia

Beijing Doing
Biomedical

NCT02585908s Unmodified Autologous, gd T cells Gastric cancers

NCT02656147 CAR Allogeneic, anti-CD19 CAR gd T cells Lymphoma, leukemia

Beijing GD
Initiative Cell
Therapy Technology

NCT04518774 Unmodified Allogeneic, gd T cells Liver cancer

NCT04696705 Unmodified Allogeneic, gd T cells Lymphoma

NCT04028440 Unmodified Autologous, gd T cells Lymphoma, leukemia

Century
Therapeutics

CNTY-102 Induced pluripotent stem cells, CAR Allogeneic, anti-CD19, anti-CD79b,
iPSC-derived gd TCR+, CAR+ T cells
CAR-iT)

B-cell malignancies

CNTY-104 Induced pluripotent stem cells, CAR Allogeneic, multi-specific, CAR-iT or
CAR-iNK

Leukemia

CNTY-106 Induced pluripotent stem cells, CAR Allogeneic, multi-specific, CAR-iT or
CAR-iNK

Multiple myeloma

CNTY-*** Induced pluripotent stem cells, CAR Allogeneic, undisclosed, CAR-iT or
CAR-iNK

Solid tumors

CytoMed
Therapeutics

CTM-N2D CAR Allogeneic, anti-NKG2DL, CAR gd T
cells

Solid tumors

GDNKT Induced pluripotent stem cells (iPSC) Autologous, iPSC-derived gd NKT cells Solid tumors

CTM-GDT Undisclosed Allogeneic, gd T cells Solid tumors

Eureka(Beijing)
Biotechnology

ET190 (ET019003 in
NCT04014894,
ET019002 in
NCT03642496)

Antibody redirected T cells with endogenous
modular immune signaling and a co-
stimulatory molecule (ARTEMIS®)

Autologous, ab T cells expressing anti-
CD19 Fab-gd TCR intracellular domain
and co-stimulatory molecule

Hematological
malignancies

Expression
Therapeutics

ET206 Undisclosed gd T cells Neuroblastoma

ET356, ET406 mRNA and novel CAR CAR gd T cells Lymphoma, leukemia

Gadeta GDT002 Modified CAR or TCR-T Autologous, Vg9Vd2 TCR-expressing ab
T cells

Multiple myeloma,
ovarian cancer

GDT201 Modified CAR or TCR-T Autologous, non-Vd2 gd TCR-expressing
ab T cells

Colorectal cancer

GDT3nn Undisclosed Undisclosed Solid tumors

GammaDelta
Therapeutics Ltd.
(Takeda)

GDX012 Unmodified Allogeneic, non-modified Vd1 gd T cells Leukemia

Adaptate
Biotherapeutics
(Takeda)

– Engager antibody Anti-Vd1 Undisclosed

Guangdong GD
Kongming Biotech

Undisclosed Undisclosed Allogeneic, Vg9Vd2 T cells Multiple cancers

Hebei Senlang
Biotechnology

Senl_ugdT-123 CAR Allogeneic, CAR gd T cells Undisclosed (possibly
AML NCT04796441,
NCT05388305)

ImCheck ICT01 Monoclonal antibody Anti-BTN3A Multiple cancers

ICT03 Monoclonal antibody Anti-BTN2A Multiple cancers

ICT04–08 Monoclonal antibody Anti-5 BTNs Multiple cancers

Immatics (with
Editas medicine)

ACTallo® CAR or TCR-T, CRISPR gene editing Allogeneic, CAR, or TCR-T engineered
Vg9Vd2 T cells

Undisclosed

(Continued)
F
rontiers in Immunolo
gy
 14129
 frontiersin.org

https://doi.org/10.3389/fimmu.2023.1140623
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ma et al. 10.3389/fimmu.2023.1140623
registered clinical trials, the approaches designed by the

pharmaceutical industry are more diverse.

There are four broad types of strategies being employed in the

pharmaceutical industry. The first is the unmodified strategy, in which

researchers focus on harnessing the natural capacity of effector gd T
Frontiers in Immunology 15130
cells and exploiting their MHC-independent nature to take advantage

of “off-the-shelf”, safe-to-use, and easy-to-produce benefits. This

approach involves utilizing both Vd2 and Vd1 gd T cells, focusing

on optimizing the expansion steps, such as the products of

GammaDelta Therapeutics Ltd. and PhosphoGam.
TABLE 6 Continued

Company Drug Approach Biological Condition

IN8bio INB-200 Gene modification Autologous, gene-modified chemo drug-
resistant gd T cells

Brain tumor

INB-100 Unmodified Allogeneic, gd T cells Leukemia

INB-400 Gene modification Allogeneic, gene-modified chemo drug-
resistant gd T cells

Glioblastoma

INB-300 Gene modification, CAR Gene-modified chemo drug-resistant anti
chlorotoxin CAR-expressing gd T cells

Solid tumors

Kiromic BioPharma Deltacel™ Unmodified Allogeneic, gd T cells Undisclosed

Procel™ CAR Allogeneic, anti-PD-L1 CAR gd T cells Undisclosed

ALEXIS-PRO-1

Procel™
CAR Allogeneic, anti-PD-L1 CAR gd T cells Undisclosed

Isocel™ CAR Allogeneic, anti-mesothelin CAR gd T
cells

Undisclosed

ALEXIS- ISO-1

Isocel™
CAR Allogeneic, anti-mesothelin CAR gd T

cells
Undisclosed

LAVA Therapeutics LAVA-051 Bispecific gd T-cell engaging antibody Anti-CD1d, anti-gd TCR Multiple myeloma,
leukemia

LAVA-1207 Bispecific gd T-cell engaging antibody Anti-PSMA, anti-gd TCR Prostate cancer

LAVA-1223 Bispecific gd T-cell engaging antibody Anti-EGFR, anti-gd TCR Solid tumors

LAVA-1266 Bispecific gd T-cell engaging antibody Anti-CD123, anti-gd TCR Hematological
malignancies

LAVA-1278 Bispecific gd T-cell engaging antibody Anti-CD40, anti-gd TCR Hematological
malignancies

Legend Biotech Undisclosed Enhance the persistence of CAR-gd T cells in
vivo

Undisclosed Undisclosed

Leucid bio T2 CAR Allogeneic, CAR gd T cells Undisclosed

One Chain
Immunotherapeutics

OC-3 Unmodified Allogeneic, Vd1 T cells Undisclosed

PersonGen
BioTherapeutics
(Suzhou)

UCAR-gd T CAR Target undisclosed (anti-CD7 in
NCT04702841, anti CD19/CD20 in
NCT04700319), CAR gd T cells

Multiple cancers

PhosphoGam Undisclosed Unmodified, purification step free Allogeneic, Vd2 T cells Undisclosed

PureTech LYT-210 Blocking antibody Anti-Vd1 Solid tumors

Shattuck GADLEN Bispecific engager antibody BTN3A1/BTN2A1 extracellular domain
heterodimer, anti-tumor specific antigen
(e.g., CD19)

Undisclosed

TC BioPharm OmnImmune® Unmodified Allogeneic, unmodified gd T cells Leukemia

Undisclosed CAR Allogeneic, CAR gd T cells Multiple cancers

UNICET biotech Undisclosed Antibody, cell therapy, CAR Undisclosed Undisclosed
EGFR, epidermal growth factor receptor; iT, immunotherapy; PSMA, prostate-specific membrane antigen; GPC3, glypican-3.
All the information can be found on each company’s website under pipeline web pages or scientific introduction web pages. Those with clinical trial register numbers can also be found on the
ClinicalTrials.gov website.
*** means product number not indicated.
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Second is the modified strategy. Introducing the classical CAR

structure to gd T cells is the starting point for this strategy, with at least

nine companies using the typical CAR T-cell technique. The targets of

CAR gd T cells can be classified into two types: one is antigens highly

expressed in tumors, such as GPC3 and mesothelin, and the other is

receptors, such as NKG2DL and PD-L1 (Table 6). One study targeting

the former found that PD-L1-targeting CAR (ab) T cells had increased

cytotoxicity toward high-PD-L1-expressing tumor cells (110). In

addition, many companies have designed modified CARs. One

strategy, similar to TCR-T-cell techniques, is transplanting the

selected antitumor gd TCR into ab T cells, such as Gadeta, or using

gd TCR domains to modify CARs, which has been developed by

companies such as Eureka Biotechnology (Beijing). The other strategy

combines induced pluripotent stem cells (iPSCs) and CAR techniques

to produce off-the-shelf CAR gd T cells, such as those produced by

Century Therapeutics and CytoMed Therapeutics. Studies of the

former type have shown the feasibility of generating iPSC-derived

antitumor CAR gd T cells (111, 112). In addition to modifying gd T

cells by CAR, gene editing by CRISPR has also been commonly used in

recent years by companies such as IN8bio and Immatics.

Third is the antibody-based strategy. ImCheck has used anti-

BTN antibodies to stimulate Vg9Vd2 T cells in vivo; in an early

analysis from their phase I/II clinical trial, ICT01 (anti-BTN3A)

demonstrated a 36% disease control rate in a 22-patient cohort

(Imchecktherapeutics.com: Imcheck Therapeutics). Several

companies, such as LAVA Therapeutics and Shattuck, have

used bispecific antibodies to activate and endow specificity on

gd T cells. PureTech has used an anti-Vd1 antibody to block

protumor Vd1 gd T cells (Table 6). Acepodia has combined the

antibody-based approach with adoptive cell transfer, in which gd
T cells are chemically modified by tumor-specific antibodies.

Last is the use of chemical drugs and the modification of tumors.

American Gene Technologies aims to genetically modify tumor cells

to increase their PAgs level and activate Vg9Vd2 T cells in situ. AVM

Biotechnology’s preclinical results show that the antitumor effects of

high concentrations of the drug dexamethasone phosphate involve the

activation of gd TCR+ NKT cells. This drug can be given alone or as a

preconditioning agent before CAR-T-cell treatment (113, 114).
5 Discussion

The applications of gd T cells in cancerous diseases have been

carefully reviewed here, but several limitations should be taken into

consideration. First, we used PubMed and ClinicalTrials.gov only as the

primary search databases. For ongoing trials, clinical trial registration

websites in the EU, Japan, China, Australia, and New Zealand were not

cross-checked. However, the analyzed trials should provide a proper

overview of current developments in gd T-cell immunotherapy. Second,

in the review of current gd T-cell treatment outcomes, the aim was to

obtain a general idea of whether or not the use of different treatment

strategies could influence outcomes based on the limited sample

numbers and diverse conditions of different studies. For instance, we

roughly divided the treatment strategies into three categories (i.e., in vivo

stimulation, ACT, and ACT+), but recent studies have tried to combine

in vivo stimulation with other treatments, such as checkpoint inhibiter
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treatment (Table 2) (104). In addition, the modification of T cells was

included in the ACT+ group so that the ACT group, as far as possible,

included only conventional gd T-cell infusion. Such comparisons will

become more accurate as the use of gd T-cell therapies increases in

clinics in the future.

Despite these limitations, several conclusions can be drawn

from reviewing past gd T-cell immunotherapies. First, although not

covered in this review, gd T-cell immunotherapy is a safe approach

in clinics, whether it involves in vivo stimulation, reinfusion, or

autologous or allogeneic reinfusion. In general, adverse events more

severe than grade 2 were not directly related to gd T-cell treatment

and could be adequately controlled. Second, the treatment method

appears to have a significant impact on the outcomes. Reinfusion of

gd T cells tended to have a greater potential for complete responses

than in vivo stimulation (Figure 3A). Even for the less effective

treatment of ACT alone, one of the two patients who achieved OR

had a complete response (Figure 3A), and ACT treatment had the

highest pooled SD rate (Supplemental Figures 3 and 7). This may be

related to the patient’s response to zoledronate treatment. Many in

vivo stimulation studies involved a zoledronate sensitivity test when

selecting patients (76, 85, 92). Although patients were considered to

be responsive to zoledronate, multiple treatments reduced the

reaction (74, 90). This would not happen with multi-reinfusion of

active gd T cells, especially with cells of allogeneic origin. In

addition, for reinfusion, allogeneic gd T cells from healthy donors

may be more resilient to the tumor environment.

Furthermore, combining gd T-cell therapy with other conventional

therapies or in vivo stimulation showed promising results. Studies have

shown the stimulatory immunomodulating effects of radiotherapy

(115). The activated tumor microenvironment resulting from such

combined therapy may help the reinfused effector gd T cells to

operate effectively inside the tumor. Unlike CAR-T-cell treatment, gd
T-cell therapy often involves multiple infusions. Infusion times and

dosages were not necessarily positively related to treatment responses

(Figure 5A). It is interesting to note that male patients tended to receive

higher reinfusion dosages than female patients (Figure 5E). In addition,

it is interesting to note the regional difference (Supplemental Figures 8,

9). This was probably mainly due to when the gd T-cell therapy was

applied, as early studies tended to use the direct stimulation strategy.

Thus, most in vivo stimulation results came from European countries,

whereas reinfusion studies were more often carried out in Asian

countries. In the future, it would be interesting to investigate if

different treatments perform the same in different countries.

From the findings of prognosis studies, it is evident that the

functional state of gd T cells plays a critical role in cancer treatment.

The difference in prognoses based on the role gd T cells play in acute

and chronic hematological cancers highlights the importance of

manipulating the functioning state of gd T cells in future

immunotherapy design. Long-term disease settings seem to

culture dysfunctional gd T cells and select the protumor subset

(65). Therefore, reinfusing fully functioning gd T cells that are

resistant to the tumor microenvironment (TME) could efficiently

control cancer progression. In addition, in contrast to CAR-T-cell

or TCR-T-cell immunotherapies, conventional gd T-cell

immunotherapy protocols usually do not include the

lymphodepletion step. However, one study found that certain
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chemotherapy drugs could activate tumor macrophages and help

create an antitumor TME (116), suggesting that optimizing

treatment protocols could also help to improve gd T-cell

immunotherapy outcomes. Furthermore, in solid tumor

treatments in women, the three (8%) instances of OR were in

breast and cervical cancer patients. Future studies could focus on

investigating if these cancers are more sensitive than other types of

cancer to gd T-cell therapy. This is especially important as breast

and gynecological cancers have the highest incidence and mortality

rates among female cancers according to the Global Cancer

Observatory [Global Cancer Observatory (iarc.fr)]. Moreover, in

addition to the “quality” of gd T cells, multiple reinfusion of large

numbers of natural gd T cells tended to stabilize disease progression

(Figure 5A, Supplemental Figure 3). With their MHC-independent

advantages, unmodified allogeneic gd T cells could serve as a good

treatment option for providing late-stage cancer patients with more

time before undergoing further tumor-eliminating treatments. In

addition, understanding the distinctions between responding and

non-responding patients is crucial for enhancing the effectiveness of

gd T-cell immunotherapy. Whether the differences lie in genetics or

microenvironments, this knowledge should enhance the

understanding of gd T cells as well as enable researchers to make

informed decisions regarding precision treatment.
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SUPPLEMENTARY FIGURE 1

Forest plot of stable disease (SD) rate (n = 27). SD indicates the number of
patients in each cohort who achieved stable disease. The total indicates the

total number of measurable patients in each cohort. The SD rate, 95%

confidence interval (CI), and weights of fixed- and random-effects models
are indicated for each cohort. Blue squares show the mean SD rate of each

cohort, and the size indicates the weight of the cohort; gray lines show the
95% CI, and the diamond shapes show the pooled weighted means of the SD

rate using fixed- and random-effects models.

SUPPLEMENTARY FIGURE 2

Forest plot of objective response (OR) rate sub-grouped by treatment
strategy (n = 27). The OR indicates the number of patients in each cohort

who achieved an objective response. The total indicates the total number of
measurable patients in each cohort. The OR rate, 95% confidence interval

(CI), and weights of fixed- and random-effects models are indicated for each
cohort. Blue squares show the mean OR rate of each cohort, and the size

indicates the weight of the cohort; gray lines show the 95% CI, and the

diamond shapes indicate the pooled weighted means of OR rates for each
treatment subgroup and for all cohorts using fixed- and random-

effects models.

SUPPLEMENTARY FIGURE 3

Forest plot of stable disease (SD) rate subgrouped by treatment

strategy (n = 27).

SUPPLEMENTARY FIGURE 4

Forest plot of objective response (OR) rate subgrouped by tumor
type (n = 27).

SUPPLEMENTARY FIGURE 5

Forest plot of stable disease (SD) rate subgrouped by tumor type (n = 27).

SUPPLEMENTARY FIGURE 6

Forest plot of objective response (OR) rate in solid tumor cohorts subgrouped
by treatment (n = 21).

SUPPLEMENTARY FIGURE 7

Forest plot of stable disease (SD) rate in solid tumor cohorts subgrouped by

treatment (n = 21).

SUPPLEMENTARY FIGURE 8

Forest plot of objective response (OR) rate subgrouped by research

location (n = 27).

SUPPLEMENTARY FIGURE 9

Forest plot of stable disease (SD) rate subgrouped by research
location (n = 27).

SUPPLEMENTARY FIGURE 10

Overview of the effects of sex and age influence on outcomes for patients
treated with gd T-cell immunotherapy (n = 138). (A) Proportions of treatment

outcomes in male and female patients (male, n = 81; female, n = 57). Pie

charts show the proportions of complete response (CR) and partial response
(PR) within objective response (OR) patients of each sex (male, n = 14; female,

n = 9). (B) Proportions of treatment outcomes in different age groups (≤ 60
years, n = 67; > 60 years, n = 71). Pie charts show the proportions of CR and

PR within the OR patients of each age group (≤ 60 years, n = 16; > 60 years,
n = 7). p-values (Pearson’s chi-squared test) are indicated in (A, B). To take full

advantage of these previous human studies, there were 138 patients for
whom detailed information, such as age and sex, was available alongside

treatment responses. The overall treatment responses were different among

the three strategies (p = 0.000, Pearson’s chi-squared test, n = 138; Table 3),
but, in this smaller sample, adoptive cell transfer (ACT) combined with other

treatments except for IL-2 treatment (ACT+) had the best response rate [38%
ORratevs.11%of invivostimulationpatients (p=0.013)and2%ofACTpatients (p=

0.000)]. Of these 138 patients, 57 were female and 81 were male. The responses
[OR, SD, and progressive disease (PD)] to different treatments were similar when

comparedbetweensexes (p=0.214, Pearson’s chi-squared test,n=138;Table3),

whereas the age distribution was different between female and male patients
(p = 0.008, Wilcoxon rank-sum test), with 61% and 40% of female and male

patients less than 60 years old, respectively (median age: 57 years for females and
63 years for males). In addition, previous studies indicated that the percentage of
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Vg9Vd2 T cellswas lower in elderly people and showeddefects in functioning (92,
104); for this reason, the patients here were divided into age groups of ≤ 60 years

and>60years (inorder tohavesimilar samplesizes ineachgroup) togiveageneral

idea of the effect of age on treatment response. There were no response,
treatment type, or tumor type differences between these age groups (n = 138;
Frontiers in Immunology 18133
Table 3). In addition, when comparing tumor types (hematological vs. solid), this
smaller sample followed the same trend as the n = 307 sample presented above

(Figure 2B; Table 2), in which both responses and treatment types were different

between blood and solid tumors (Table 3; n = 138). This may emphasize the
importance of different gd T-cell therapy strategies on treatment outcomes.
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83. Gassart A, Le K-S, Brune P, Agaugué S, Sims J, Goubard A, et al. Development of
ICT01, a first-in-class, anti-BTN3A antibody for activating Vg9Vd2 T cell-mediated
antitumor immune response. Sci Transl Med (2021) 13(616):eabj0835. doi: 10.1126/
scitranslmed.abj0835

84. He P, Liu H, Zimdahl B, Wang J, Luo M, Chang Q, et al. A novel antibody-TCR
(AbTCR) T-cell therapy is safe and effective against CD19-positive relapsed/refractory
b-cell lymphoma. J Cancer Res Clin Oncol (2022). doi: 10.1007/s00432-022-04132-9

85. Bennouna J, Levy V, Sicard H, Senellart H, Audrain M, Hiret S, et al. Phase I
study of bromohydrin pyrophosphate (BrHPP, IPH 1101), a Vgamma9Vdelta2 T
frontiersin.org

https://doi.org/10.1016/j.bbmt.2014.09.027
https://doi.org/10.1186/s13045-016-0353-3
https://doi.org/10.3389/fimmu.2022.823352
https://doi.org/10.1182/blood-2012-03-417519
https://doi.org/10.1016/j.arcmed.2020.01.013
https://doi.org/10.1016/j.arcmed.2020.01.013
https://doi.org/10.1016/j.ejca.2016.06.001
https://doi.org/10.1158/2326-6066.CIR-20-0817
https://doi.org/10.1093/annonc/mdi112
https://doi.org/10.3389/fimmu.2020.573920
https://doi.org/10.3389/fimmu.2020.573920
https://doi.org/10.1126/scitranslmed.aax9364
https://doi.org/10.3390/cancers13040765
https://doi.org/10.1093/jnci/djw192
https://doi.org/10.1002/ijc.33009
https://doi.org/10.1007/s10549-020-05996-6
https://doi.org/10.1007/s10549-020-05996-6
https://doi.org/10.1038/s41598-018-37909-5
https://doi.org/10.1111/jcmm.15500
https://doi.org/10.1016/j.it.2017.06.004
https://doi.org/10.1002/cti2.1080
https://doi.org/10.3389/fimmu.2020.619954
https://doi.org/10.3389/fimmu.2020.619954
https://doi.org/10.3389/fimmu.2020.02186
https://doi.org/10.1016/j.immuni.2014.03.013
https://doi.org/10.1016/j.cell.2018.12.040
https://doi.org/10.1016/j.cell.2016.07.046
https://doi.org/10.1126/science.abj8695
https://doi.org/10.1016/S1470-2045(19)30823-X
https://doi.org/10.1016/S1470-2045(19)30823-X
https://doi.org/10.1002/eji.1830181127
https://doi.org/10.1182/blood-2002-12-3665
https://doi.org/10.1111/j.1600-065X.2006.00479.x
https://doi.org/10.1182/blood.V96.2.384
https://doi.org/10.1158/1078-0432.CCR-16-0597
https://doi.org/10.14310/horm.2002.1226
https://doi.org/10.1158/0008-5472.CAN-07-0199
https://doi.org/10.1007/s00262-011-1049-8
https://doi.org/10.1007/s00262-006-0199-6
https://doi.org/10.1007/s00262-008-0491-8
https://doi.org/10.1016/j.exphem.2009.04.008
https://doi.org/10.1371/journal.pone.0243545
https://doi.org/10.3389/fmed.2020.588453
https://doi.org/10.3390/cells9040800
https://doi.org/10.1080/0032472031000141295
https://doi.org/10.1038/s41423-020-0515-7
https://doi.org/10.1126/scitranslmed.abj0835
https://doi.org/10.1126/scitranslmed.abj0835
https://doi.org/10.1007/s00432-022-04132-9
https://doi.org/10.3389/fimmu.2023.1140623
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ma et al. 10.3389/fimmu.2023.1140623
lymphocyte agonist in patients with solid tumors. Cancer Immunol Immunother (2010)
59(10):1521–30. doi: 10.1007/s00262-010-0879-0

86. Meraviglia S, Eberl M, Vermijlen D, Todaro M, Buccheri S, Cicero G, et al. In
vivo manipulation of Vgamma9Vdelta2 T cells with zoledronate and low-dose
interleukin-2 for immunotherapy of advanced breast cancer patients. Clin Exp
Immunol (2010) 161(2):290–7. doi: 10.1111/j.1365-2249.2010.04167.x

87. Nakajima J, Murakawa T, Fukami T, Goto S, Kaneko T, Yoshida Y, et al. A phase
I study of adoptive immunotherapy for recurrent non-small-cell lung cancer patients
with autologous gammadelta T cells. Eur J Cardiothorac Surg (2010) 37(5):1191–7.
doi: 10.1016/j.ejcts.2009.11.051

88. Kobayashi H, Tanaka Y, Yagi J, Minato N, Tanabe K. Phase I/II study of
adoptive transfer of gd T cells in combination with zoledronic acid and IL-2 to patients
with advanced renal cell carcinoma. Cancer Immunol Immunother (2011) 60(8):1075–
84. doi: 10.1007/s00262-011-1021-7

89. Nicol AJ, Tokuyama H, Mattarollo SR, Hagi T, Suzuki K, Yokokawa K, et al.
Clinical evaluation of autologous gamma delta T cell-based immunotherapy for
metastatic solid tumours. Br J Cancer (2011) 105(6):778–86. doi: 10.1038/bjc.2011.293

90. Sakamoto M, Nakajima J, Murakawa T, Fukami T, Yoshida Y, Murayama T,
et al. Adoptive immunotherapy for advanced non-small cell lung cancer using
zoledronate-expanded gdTcells: a phase I clinical study. J Immunother (2011) 34
(2):202–11. doi: 10.1097/CJI.0b013e318207ecfb

91. Noguchi A, Kaneko T, Kamigaki T, Fujimoto K, Ozawa M, Saito M, et al.
Zoledronate-activated Vg9gd T cell-based immunotherapy is feasible and restores the
impairment of gd T cells in patients with solid tumors. Cytotherapy. (2011) 13(1):92–7.
doi: 10.3109/14653249.2010.515581

92. Kunzmann V, Smetak M, Kimmel B, Weigang-Koehler K, Goebeler M,
Birkmann J, et al. Tumor-promoting versus tumor-antagonizing roles of gd T cells in
cancer immunotherapy: results from a prospective phase I/II trial. J Immunother (2012)
35(2):205–13. doi: 10.1097/CJI.0b013e318245bb1e

93. Izumi T, Kondo M, Takahashi T, Fujieda N, Kondo A, Tamura N, et al. Ex vivo
characterization of gd T-cell repertoire in patients after adoptive transfer of Vg9Vd2 T
cells expressing the interleukin-2 receptor b-chain and the common g-chain.
Cytotherapy. (2013) 15(4):481–91. doi: 10.1016/j.jcyt.2012.12.004

94. Wilhelm M, Smetak M, Schaefer-Eckart K, Kimmel B, Birkmann J, Einsele H,
et al. Successful adoptive transfer and in vivo expansion of haploidentical gd T cells. J
Transl Med (2014) 12:45. doi: 10.1186/1479-5876-12-45

95. Wada I, Matsushita H, Noji S, Mori K, Yamashita H, Nomura S, et al.
Intraperitoneal injection of in vitro expanded Vg9Vd2 T cells together with
zoledronate for the treatment of malignant ascites due to gastric cancer. Cancer Med
(2014) 3(2):362–75. doi: 10.1002/cam4.196

96. Cui J, Li L, Wang C, Jin H, Yao C, Wang Y, et al. Combined cellular
immunotherapy and chemotherapy improves clinical outcome in patients with
gastric carcinoma. Cytotherapy. (2015) 17(7):979–88. doi: 10.1016/j.jcyt.2015.03.605

97. Pressey JG, Adams J, Harkins L, Kelly D, You Z, Lamb LS. In vivo expansion
and activation of gd T cells as immunotherapy for refractory neuroblastoma: A
phase 1 study. Med (Balt imore) (2016) 95(39) :e4909 . doi : 10.1097/
MD.0000000000004909

98. Aoki T, Matsushita H, Hoshikawa M, Hasegawa K, Kokudo N, Kakimi K.
Adjuvant combination therapy with gemcitabine and autologous gd T-cell transfer in
patients with curatively resected pancreatic cancer. Cytotherapy. (2017) 19(4):473–85.
doi: 10.1016/j.jcyt.2017.01.002

99. Sugie T, Suzuki E, Yamauchi A, Yamagami K, Masuda N, Gondo N, et al.
Combined effects of neoadjuvant letrozole and zoledronic acid on gdT cells in
postmenopausal women with early-stage breast cancer. Breast. (2018) 38:114–9.
doi: 10.1016/j.breast.2017.12.017

100. Lin M, Zhang X, Liang S, Luo H, Alnaggar M, Liu A, et al. Irreversible
electroporation plus allogenic Vg9Vd2 T cells enhances antitumor effect for locally
Frontiers in Immunology 20135
advanced pancreatic cancer patients. Signal Transduct Target Ther (2020) 5(1):215.
doi: 10.1038/s41392-020-00260-1

101. Kakimi K, Matsushita H, Masuzawa K, Karasaki T, Kobayashi Y, Nagaoka K,
et al. Adoptive transfer of zoledronate-expanded autologous Vg9Vd2 T-cells in patients
with treatment-refractory non-small-cell lung cancer: a multicenter, open-label, single-
arm, phase 2 study. J Immunother Cancer (2020) 8(2):e001185. doi: 10.1136/jitc-2020-
001185

102. Fazzi R, Petrini I, Giuliani N, Morganti R, Carulli G, Palma BD, et al. Phase II
trial of maintenance treatment with IL2 and zoledronate in multiple myeloma after
bone marrow transplantation: Biological and clinical results. Front Immunol (2020)
11:573156. doi: 10.3389/fimmu.2020.573156

103. Zhang T, Chen J, Niu L, Liu Y, Ye G, Jiang M, et al. Clinical safety and efficacy
of locoregional therapy combined with adoptive transfer of allogeneic gd T cells for
advanced hepatocellular carcinoma and intrahepatic cholangiocarcinoma. J Vasc Interv
Radiol (2022) 33(1):19–27.e3. doi: 10.1016/j.jvir.2021.09.012

104. Zheng Y, Wang P-P, Fu Y, Chen Y-Y, Ding Z-Y. Zoledronic acid enhances the
efficacy of immunotherapy in non-small cell lung cancer. Int Immunopharmacol (2022)
110:109030. doi: 10.1016/j.intimp.2022.109030

105. Lamb LS, Bowersock J, Dasgupta A, Gillespie GY, Su Y, Johnson A , et al.
Engineered drug resistant gd T cells kill glioblastoma cell lines during a chemotherapy
challenge: a strategy for combining chemo- and immunotherapy. PloS One (2013) 8(1):
e51805. doi: 10.1371/journal.pone.0051805

106. Strijker JGM,PscheidR,DrentE, vanderHoek JJF,KoopmansB,OberK, et al.ab-
T cells engineered to express gd-T cell receptors can kill neuroblastoma organoids
independent ofMHC-I expression. J PersMed (2021) 11(9):923. doi: 10.3390/jpm11090923

107. Straetemans T, Kierkels GJJ, Doorn R, Jansen K, Heijhuurs S, Santos JMD, et al.
GMP-grade manufacturing of T cells engineered to express a defined gdTCR. Front
Immunol (2018) 9:1062. doi: 10.3389/fimmu.2018.01062

108. Michishita Y, Hirokawa M, Guo Y-M, Abe Y, Liu J, Ubukawa K, et al. Age-
associatedalterationofgdT-cell repertoire anddifferentprofiles of activation-induceddeath
ofVd1andVd2Tcells. Int JHematol (2011)94(3):230–40. doi: 10.1007/s12185-011-0907-7

109. Kallemeijn MJ, Boots AMH, van der Klift MY, Brouwer E, Abdulahad WH,
Verhaar JAN, et al. Ageing and latent CMV infection impact on maturation,
differentiation and exhaustion profiles of T-cell receptor gammadelta T-cells. Sci Rep
(2017) 7(1):5509. doi: 10.1038/s41598-017-05849-1

110. Liu M, Wang X, Li W, Yu X, Flores-Villanueva P, Xu-Monette ZY, et al.
Targeting PD-L1 in non-small cell lung cancer using CAR T cells.Oncogenesis. (2020) 9
(8):72. doi: 10.1038/s41389-020-00257-z

111. Themeli M, Kloss CC, Ciriello G, Fedorov VD, Perna F, Gonen M, et al.
Generation of tumor-targeted human T lymphocytes from induced pluripotent stem
cells for cancer therapy. Nat Biotechnol (2013) 31(10):928–33. doi: 10.1038/nbt.2678

112. Zeng J, Tang SY, Wang S. Derivation of mimetic gd T cells endowed with
cancer recognition receptors from reprogrammed gd T cell. PloS One (2019) 14(5):
e0216815. doi: 10.1371/journal.pone.0216815

113. Deisher T, Taylor M, Ashok A, Jarzyna P, Zahid Y, Lee-Diaz S, et al. AVM0703,
a new treatment option for lymphoma patients . Blood. (2019) 134
(Supplement_1):5308. doi: 10.1182/blood-2019-128812

114. Deisher T, Sawas S, Suwito K, Rylatt C, Jarzyna PA, Zahid Y, et al. AVM0703
tumor debulking enhances Cy/Flu efficacy. Blood. (2021) 138(Supplement 1):4498.
doi: 10.1182/blood-2021-153990

115. Formenti SC, Rudqvist N-P, Golden E, Cooper B, Wennerberg E, Lhuillier C,
et al. Radiotherapy induces responses of lung cancer to CTLA-4 blockade. Nat Med
(2018) 24(12):1845–51. doi: 10.1038/s41591-018-0232-2

116. Srivastava S, Furlan SN, Jaeger-Ruckstuhl CA, Sarvothama M, Berger C,
Smythe KS, et al. Immunogenic chemotherapy enhances recruitment of CAR-T cells
to lung tumors and improves antitumor efficacy when combined with checkpoint
blockade. Cancer Cell (2021) 39(2):193–208.e10. doi: 10.1016/j.ccell.2020.11.005
frontiersin.org

https://doi.org/10.1007/s00262-010-0879-0
https://doi.org/10.1111/j.1365-2249.2010.04167.x
https://doi.org/10.1016/j.ejcts.2009.11.051
https://doi.org/10.1007/s00262-011-1021-7
https://doi.org/10.1038/bjc.2011.293
https://doi.org/10.1097/CJI.0b013e318207ecfb
https://doi.org/10.3109/14653249.2010.515581
https://doi.org/10.1097/CJI.0b013e318245bb1e
https://doi.org/10.1016/j.jcyt.2012.12.004
https://doi.org/10.1186/1479-5876-12-45
https://doi.org/10.1002/cam4.196
https://doi.org/10.1016/j.jcyt.2015.03.605
https://doi.org/10.1097/MD.0000000000004909
https://doi.org/10.1097/MD.0000000000004909
https://doi.org/10.1016/j.jcyt.2017.01.002
https://doi.org/10.1016/j.breast.2017.12.017
https://doi.org/10.1038/s41392-020-00260-1
https://doi.org/10.1136/jitc-2020-001185
https://doi.org/10.1136/jitc-2020-001185
https://doi.org/10.3389/fimmu.2020.573156
https://doi.org/10.1016/j.jvir.2021.09.012
https://doi.org/10.1016/j.intimp.2022.109030
https://doi.org/10.1371/journal.pone.0051805
https://doi.org/10.3390/jpm11090923
https://doi.org/10.3389/fimmu.2018.01062
https://doi.org/10.1007/s12185-011-0907-7
https://doi.org/10.1038/s41598-017-05849-1
https://doi.org/10.1038/s41389-020-00257-z
https://doi.org/10.1038/nbt.2678
https://doi.org/10.1371/journal.pone.0216815
https://doi.org/10.1182/blood-2019-128812
https://doi.org/10.1182/blood-2021-153990
https://doi.org/10.1038/s41591-018-0232-2
https://doi.org/10.1016/j.ccell.2020.11.005
https://doi.org/10.3389/fimmu.2023.1140623
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Immunology

OPEN ACCESS

EDITED BY

Girdhari Lal,
National Centre for Cell Science, India

REVIEWED BY

Mary Poupot-Marsan,
INSERM U1037 Centre de Recherche en
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An optimized cultivation
method for future in vivo
application of gd T cells

Anna Bold1*, Heike Gross1, Elisabeth Holzmann1, Stefan Knop1,
Timm Hoeres1,2† and Martin Wilhelm1†

1Department of Hematology and Medical Oncology, Paracelsus Medical University,
Nuremberg, Germany, 2Fraunhofer-Institute for Translational Medicine & Pharmacology (ITMP),
Clinical Research, Frankfurt, Germany
gd T cells, with their properties of both the innate and acquired immune systems,

are suitable candidates for cellular immunotherapy in cancer. Because of their

non-major histocompatibility complex (MHC) binding T cell receptor, allogenic

transfer is feasible without relevant graft versus host reactions. In recent years,

much experience has been gained with ex vivo expansion and stimulation of gd T
cells using bisphosphonates and Interleukin 2. Unfortunately, many current

stimulation protocols are based on the use of xenogenic materials and other

potentially hazardous supplements, which conflicts with basic principles of Good

Manufacturing Practice (GMP). Adherence to the concept and current guidelines

of GMP is state of the art for production of Advanced Therapy Medicinal Products

(ATMP) like cell therapeutics and a necessity for clinical use under a regulatory

perspective. In this study, we developed a new stimulation protocol that induces

a marked increase of gd T cell counts and allows for an easier transition from

research to clinical applications with minimized regulatory workload. It reliably

leads to a cell product with a purity of more than 90% gd T cells and improved in

vitro anti-tumor activity compared to our previous standard procedure.

Furthermore, by investigating correlations between properties of unstimulated

gd T cells and proliferation rate as well as degranulation ability of stimulated gd T

cells, we can draw conclusions about suitable donors. Finally, we examined if

expansion can be improved by pulsing zoledronate and/or using Interleukin 15

with or without Interleukin 2. Significant improvements can be achieved with

respect to intrinsic and antibody-dependent cell-mediated cytotoxicity. Our

results demonstrate that the stimulation protocol presented here leads to an

improved gd T cell product for future clinical applications.

KEYWORDS

gd T cells, Vg9Vd2 T cells, cellular immunotherapy, zoledronate, interleukin 2, interleukin
15, ADCC, cell culture
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Introduction

Cellular immunotherapy is becoming increasingly important in

the treatment of cancer. One of the novel approaches for

immunotherapy are gd T cells. In contrast to ab T cells, their T

cell receptor (TCR) is not restricted to bind antigens in the context

of a major histocompatibility complex (MHC) molecule. Part of the

TCR are the variable Vg and Vd chains, with the Vg9Vd2 T cells

being the dominant subpopulation and accounting for

approximately 5% of T cells in peripheral blood (1). The anti-

tumor effects of gd T cells mediated by different mechanisms

including cytokine production, perforin and interferon g (IFNg)
release and antibody-dependent cell-mediated cytotoxicity (ADCC)

have been demonstrated in detail in vitro and in vivo (2–5). Because

of the MHC-independent recognition of target cells, no graft versus

host reaction is to be expected with allogenic transfer of gd T cells as

has already been shown in several clinical studies (6–8).

Strategies to use gd T cells as cellular therapy include activation

of either the patient’s own gd T cells or transferred allogenic gd T

cells in vivo or expansion and stimulation of autologous as well as

allogenic gd T cells ex vivo with subsequent adoptive transfer (6, 7,

9). The expansion and stimulation of Vg9Vd2 T cells both in vivo

and ex vivo is usually achieved via aminobisphosphonates or natural

or synthetic phosphoantigens and addition of co-stimulators,

mostly cytokines, like Interleukin 2 (IL-2) (10, 11). The

aminobisphosphonate zoledronate (Zol) inhibits the farnesyl

pyrophosphate synthase enzyme in the mevalonate pathway of

antigen presenting cells like monocytes, which consequently leads

to accumulation of isopentenyl pyrophosphate (IPP). As natural

phosphoantigens, IPP and its metabolites bind to butyrophilin 3A

(BTN3A) molecules, which interact with BTN2A1 and are

recognized by the TCR of Vg9Vd2 T cells with subsequent

proliferation (12–14). A disadvantage of in vivo activation is the

toxic effect of IL-2 at higher doses and of zoledronate when used at

short intervals (10). Additionally, the in vivo stimulability of gd T

cells decreases with repeated administrations of the activators (15).

However, the need of repetitive treatment is supported by our own

clinical data. Indeed, the in vivo stimulation of haploidentical gd T

cells induced remission in most patients, but all of them relapsed

within one year (6, 16). The number and functionality of the

patient’s own gd T cells is often limited (especially in cancer

patients), so expansion and stimulation of these cells is usually

unsuccessful both in vivo and ex vivo (10). For these reasons, we

believe that ex vivo stimulation of healthy donor gd T cells followed

by adoptive transfer is the way forward.

In recent years, numerous cultivation methods have been

published to stimulate gd T cells ex vivo, but many of them use

cell culture medium supplemented with fetal bovine serum (FBS).

Using xenogeneic products bears the risk of contamination with

known and even unknown pathogens and transmission of

zoonotic diseases. In addition, such protocols often require

culturing in plates and manual splitting, which is not

compatible with a closed, sterile cultivation system advantageous

for implementation of a GMP-compliant process. Thus, we

developed a new stimulation protocol using a cell culture

medium free of xenogenic products and serum and culturing in
Frontiers in Immunology 02137
bottles without splitting. This can later be more easily expanded to

the closed system of a cell growth device for clinical use without

the need of fundamental adjustments.

The aim of this work was to evaluate and improve this newly

developed protocol called “Ko-Op” with regard to the quantity and

quality of the generated cell product. In addition to cell number and

purity, we therefore investigated the cytoplasmic perforin and IFNg
in gd T cells. Both proteins are produced in stimulated immune cells

and have immunostimulatory and anti-tumor effects. We also

determined CD107a on the surface of gd T cells as a marker for

degranulation and thus activation either as a result of sole

stimulation or additionally in response to incubation with tumor

cells. Furthermore, we measured the cytotoxicity of the stimulated

gd T cells against lymphoma cell line Daudi with or without

monoclonal antibodies which induce ADCC (17, 18).

Despite a highly standardized cultivation procedure, stimulated

gd T cells from various donors differ in yield and anti-tumor activity

when expanded in vitro. Therefore, we investigated if certain

parameters prior to stimulation can indicate whether the cells are

highly stimulable and activatable.

Finally, we examined if the cultivation procedure Ko-Op could

be further improved. Nada et al. showed that improved

proliferation rate and anti-tumor activity can be achieved by

pulsed, high-dose zoledronate administration (19). Furthermore,

some studies suggest that the addition of Interleukin 15 (IL-15) also

leads to an improved proliferation rate and anti-tumor cytotoxicity

of gd T cells (20, 21). We therefore modified the cultivation protocol

in several steps by using a zoledronate pulse instead of zoledronate

standard and adding IL-15 instead of or additional to IL-2 and

compared it with the standard procedure.
Materials and methods

Cell culture, cell isolation and ex vivo
stimulation of gd T cells

Our investigations were performed with peripheral blood

obtained from healthy adult donors. The studies involving human

participants were reviewed and approved by the Institutional

Review Board of the Paracelsus Medical University Nuremberg.

Written informed consent to participate in this study was provided

by the participants. All donors signed an agreement according to

General Data Protection Regulation.

Peripheral blood mononuclear cells (MNC) were isolated

by density gradient centrifugation with Biocoll (Biochrom,

Darmstadt, Germany/Bio&SELL, Feucht, Germany) and divided in

several fractions in order to expand them using different

cultivation methods.

To expand and stimulate gd T cells we used our previously

established protocol “R10F” and a new developed “Ko-Op”. MNC

were incubated up to 17 days at 37°C and 5% CO2 in both protocols.

R10F
For cultivation according to the R10F protocol MNC at a

concentration of 5.0E+05/ml were cultured in 96 U-bottom plates
frontiersin.org
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(Greiner bio-one, Frickenhausen, Germany) using standard medium

consisting of RPMI 1640 supplemented with 10% fetal bovine serum

(FCS), 1% 200mM L-glutamine and 1% penicilline/streptomycin (all

from Biochrom, Darmstadt, Germany/Bio&SELL, Feucht, Germany).

On day 0, 1 μMZoledronate (Zol) (Sigma-Aldrich, St. Louis, USA) and

100U/ml Interleukin 2 (IL-2) (Burton-on-Trent, Great Britain, United

Kingdom) were added. From day 7, the cells were harvested twice a

week, washed and reseeded at a concentration of 6.0E+05/ml in 96well

plates with fresh medium and 100 U/ml IL-2.

Ko-Op
For cultivation according to the Ko-Op protocol MNC at a

concentration of 5.0E+05/ml were cultured in 50 ml cell culture

flasks (Sarstedt, Nuembrecht, Germany) using medium consisting

of OpTmizer™ CTS™ T-Cell Expansion Basal Medium,

OpTmizer™ CTS™ T-Cell Expansion Supplement (Gibco/

Thermo Fisher, Waltham, USA) and 1% 200 mM L-Glutamin.

On day 0, 10 μM Zol were added and 1000 U/ml IL-2 were added

on day 2. On day 4, 7, 9, 11 and 14 half of the medium was

removed and replaced by fresh medium containing 2x 1000 U/ml

IL-2 for a final concentration of 1000 U/ml. In some experiments

we added 10 ng/ml Interleukin 15 (IL-15) (Peprotech, Cranbury,

USA) instead of or in addition to 1000 U/ml IL-2. Cells were not

split at any time. From day 4 on, cell culture flasks were shaken at

250 rpm. For pulsing zoledronate, 100 μM Zol were added on day

0. After 4 hours incubating at 37°C and 5% CO2 MNC were

harvested, washed twice and reseeded at a concentration of 5.0E

+05/ml in cell culture flasks with fresh medium. The addition of

IL-2 and/or IL-15 from day 2 and further cultivation was done as

described above.

The lymphoma cell line Daudi was obtained from the German

collection ofmicroorganisms and cell culture (DSMZ, Braunschweig,

Germany) and cultured in our standard medium R10F.

Cell counts and cell viability were established using a

hemocytometer and the trypan blue exclusion method. Cell count

and proliferation rate of gd T cells was calculated on the basis of the

cell number of the MNC and the percentage of gd T cells on the

MNC determined by flow cytometry.
Flow cytometry and antibodies

A FC500 and a Navios flow cytometer (both Beckman Coulter,

Brea, USA) were used for multicolor immunofluorescence and

functional tests.

Cells were stained in appropriate combinations according to use

with following antibodies: anti-T-cell receptor (TCR) gd-FITC
[clone IMMU510], anti-CD3-r-Phycoerythrin-Texas Red (ECD)

[clone UCHT1], anti-CD56-phycoerythrin-cyanine 5 (PC5)

[clone N901], anti-CD27-phycoerythrin-cyanine 5 (PC5) [clone

1A4CD27], anti-CD56-phycoerythrin-cyanine 7 (PC7) [clone

N901] (all Beckman Coulter, Brea, USA); anti-T-cell receptor

(TCR) gd-FITC [clone 11F2], anti-CD107a-PE [clone H4A3],

anti-IFNg−PE [clone 45-15], anti-CD45RA-PE [clone REA 562]

(all Miltenyi Biotec, Bergisch Gladbach, Germany); and anti-

perforin-PE [clone B-D48] (Biolegend, San Diego, USA).
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As negative control, anti-IgG-PE [clone IS5-32F5] (Miltenyi

Biotec, Bergisch Gladbach, Germany) was used.

gd cells were defined as CD3+ TCR gd+ MNC, NK cells as CD3-

CD56+ MNC and ab T cells as CD3+ TCR gd- MNC.

For functional assay, the therapy grade monoclonal antibodies

rituximab and obinutuzumab (both Roche, Grenzach-Wyhlen,

Germany) as well as the IgG1-kappa control antibody (Sigma-

Aldrich, St. Louis, USA) were used.
Cytoplasmic staining

After staining the surface antigens with anti-TCR gd-FITC and

anti-CD3-ECD, intracellular IFNg or intracellular perforin were

stained with anti-IFNg-PE or anti-perforin-PE or anti-IgG-PE as

control using the inside stain kit (Miltenyi Biotec, Bergisch

Gladbach, Germany) according to manufacturer’s instructions.

Afterwards, the cells were analyzed by flow cytometry. To define

perforin+ or IFNg+ gd T cells, cells were stained with an isotype

control and the gate was adjusted so that 2% of the cells in the

isotype control were defined as positive. DMFI was calculated as

MFI (IFNg or perforin) minus MFI (isotype control).
Degranulation assay

The surface antigen CD107a as marker for degranulation was

determined in our degranulation assay. For this, stimulated MNC

were co-cultured with Daudi in a 1:2 ratio or with the respective

medium with the addition of the anti-CD107a-PE or anti-IgG-PE as

control in 96 well V-bottom plates (Greiner bio-one,

Frickenhausen, Germany) for 3h. Subsequently, the cells were

washed, the surface antigens were stained with anti-TCR gd-FITC
and anti-CD3-ECD and the cells were analyzed by flow cytometry.

The definition of CD107a+ gd T cells as well as the determination of

the DMFI of CD107a was performed analogously to the procedure

for perforin and IFNg.
Immuno-magnetic depletion

MNC stimulated with R10F and Ko-Op consist mainly of gd T

cells, but especially after stimulation with R10F also of ab T cells

and NK cells. To compare the cytotoxicity of gd T cells when

cultured with R10F or Ko-Op, ab T cells and NKp46+ cells were

depleted from stimulated MNC after 10 days of cultivation using

the MidiMACS system and anti-TCRab and anti-NKp46

MicroBeads (all from Miltenyi Biotec, Bergisch Gladbach,

Germany) according to manufacturer’s instructions except using

HSA (CSL Behring GmbH, Marburg, Germany) instead of BSA as

part of the washing buffer. In order to proof the success of depletion,

the cells were stained before and after depletion with anti-TCR gd-
FITC, anti-CD3-ECD and anti-CD56-PC5 to diversify the different

cell populations. Cell counts and cell viability were determined

using a hemocytometer and the trypan blue exclusion method.
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Cytotoxicity assay

Cytotoxicity experiments were conducted in 96 well V-bottom

plates (Greiner bio-one, Frickenhausen, Germany) as co-cultures at

different effector to target cell ratios with 1 μg/ml rituximab, 1 μg/ml

obinutuzumab or 1 μg/ml isotype control antibody. Daudi were

used as target cells and previously labeled with carboxyfluorescein

succinimidyl ester (CFSE) (BioLegend, San Diego, USA) and taken

up into the respective culture medium (R10F or OpTmizer™

CTS™ T-Cell Expansion Medium). Effector cells, which differed

in regard to stimulation protocol, were used in this assay. If

indicated, TCRab+ and NKp46+ cells were depleted as described

above before performing the assay. Following co-culture of effector

and target cells for 4 h, cells were harvested, technical replicates

were pooled, treated with 7-AAD (Beckman Coulter, Brea, USA)

and analyzed by flow cytometry. Specific cell mediated cytotoxicity

is expressed as “specific lysis %” and calculated by the formula:

specific lysis % = [% 7-AAD+ target cells in the respective effector to

target ratio –% 7-AAD+ target cells in target cell only culture] *100/

[100 – % 7-AAD+ target cells in target cell only culture]. The lytic

units per 106 effector cells were calculated according to Bryant et al.

with the following formula: lytic   units   per   106   effector   cells =

106 · exp(
Y*− Y*p

C )=(T · XG) (22). Y is the specific lysis measured in

a defined effector to target ratio. Y is logistically transformed (Y*) by

following formula: Y* = LN( Y
100−Y ). We defined a reference lysis p

of 60%, which is also logistically transformed (Y*p ). Y* is the

arithmetic mean of the logistically transformed specific lyses

measured in each effector to target ratio, C is a constant with

relation to the slope of the curve (defined as 1), T is the number of

target cells (104), and XG is the geometric mean of the effector to

target ratios used in the assay.
Data and statistical analysis

Data were analyzed with the software Kaluza analysis V2.1

(Beckman Coulter, Brea, USA), Excel 2016 (Microsoft, Redmond,

USA) and SPSS Statistics 22 (IBM, Armonk, USA). Data are

presented as mean ± standard deviation (SD). The normal

distribution of the data was verified using the Shapiro test. Levels

of significance were calculated using the paired t-test or the

Wilcoxon test. Correlation coefficient R was calculated according

to Spearman. p<0.05 is considered statistically significant.
Results

Proliferation, purity and anti-tumor
efficiency of gd T cells by using Ko-Op for
ex vivo stimulation

To establish a GMP-compliant and effective cultivation of gd T

cells, we developed a new protocol called “Ko-Op”. For this, we

replaced our previous cultivation media “R10F”, which contains
Frontiers in Immunology 04139
FBS, with the xeno-free OpTmizer™ CTS™ T cell expansion

medium. In order to achieve an optimal result in terms of yield,

we further increased the concentrations of zoledronate and IL-2 and

did not administer the first IL-2 addition until day 2 as it is already

done successfully (23). Furthermore, we used flasks instead of 96

well plates to facilitate upscalability. Assuming that the nutrient

supply to the cells is limited by diffusion due to sedimentation of

cells in standing flasks, we placed them on an orbital shaker from

day 4 of cultivation, but not earlier because of the need of the cell-

cell contact between monocytes and gd T cells for stimulation.

Table 1 shows the relevant differences to our established protocol

R10F (17, 24).

MNC of twelve healthy donors were isolated and stimulated

with Zol/IL-2 using the protocols R10F and Ko-Op over 17 days.

Every three to four days, the number of MNC was counted and the

percentage of gd T cells, ab T cells and NK cells was determined by

flow cytometry as exemplary shown in Figures 1A, S1A. In terms of

gd T cells, an average proliferation rate of more than 400-fold of the

baseline can be achieved (Figure 1B). The percentage of gd T cells is

significantly higher when Ko-Op was used for cultivation

(Figure 1C). Very strikingly, there was clearly less inter-donor

variability when using Ko-Op compared to R10F. Additionally,

the percentage of ab T cells and NK cells is significantly lower when

stimulated with Ko-Op also with low inter-donor variability

(Figures 1C, S1B). The question arises if the higher doses of

zoledronate and IL-2 within the Ko-Op protocol leads to reduced

viability. Therefore, the vitality of MNC was determined by trypan

blue exclusion test showing no statistical difference between the two

different cultivation protocols (Figure S1C). A detailed viability

analysis using annexin/7AAD staining performed on a part of the

experiments also did not reveal an increased rate of apoptosis or

dead cells when stimulated with Ko-Op compared to R10F (data

not shown).

To evaluate the activity of stimulated gd T cells, cytoplasmic

perforin and IFNg were stained every three to four days and the

percentage of perforin+ and IFNg+ gd T cells as well as the DMFI was

determined by flow cytometry. gd T cells produced significantly

more perforin when cultured according to the Ko-Op protocol

(Figures 1D, S1D). With regard to IFNg, the DMFI was only

significantly increased on day 7 and the percentage of IFNg+ gd T
TABLE 1 Relevant differences of the protocols R10F and Ko-Op for ex
vivo stimulation of gd T cells.

R10F Ko-Op

Media RPMI 1640 Media OpTmizer™ T-Cell

Expansion SFM

Supplements Fetal bovine serum, Glutamine,
Penicillin/Streptomycin

Glutamine

Culture
plate

96-well U-plate (200 μl/well) 50 ml flask (10 ml/flask)

Stimulants 1 μM Zol d0
100 U/ml IL-2 d0, d7, d10, d14

10 μM Zol d0
1000 U/ml IL-2 d2, d4,
d7, d9, d11, d14

Others shaker from d4
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cells did not differ between the two cultivation protocols

(Figures 1D, S1D).

For investigation of the anti-tumor efficiency of stimulated gd T
cells, degranulation of gd T cells after 3h incubation with the tumor
Frontiers in Immunology 05140
cell line Daudi or media only was determined by measuring the

surface molecule CD107a by flow cytometry from day 7 onwards

every three to four days. With and without tumor cells, stimulation

with Ko-Op increased both the percentage of CD107a+ gd T cells
B

C

D

E

A

FIGURE 1

Proliferation, purity and anti-tumor efficiency of gd T cells by using Ko-Op for ex vivo stimulation. MNC of healthy donors were isolated and
stimulated with Zol/IL-2 according to the protocols R10F (blue hatched bars) and Ko-Op (orange bars) up to 17 days. (A) Representative FACS
analysis of MNC cultured according to the protocols R10F or Ko-Op for ten days. gd T cells and ab T cells were defined by using anti-gd TCR-FITC
and anti-CD3-ECD. (B) Proliferation rate of gd T cells calculated on the basis of the cell number of the MNC and the percentage of gd T cells on the
MNC determined by flow cytometry. (C) Percentage of gd T cells and ab T cells at different days of cultivation measured by flow cytometry. (D)
Cytoplasmic perforin and IFNg in gd T cells were stained at different days of cultivation and measured by flow cytometry. DMFI is calculated as MFI
(perforin or IFNg) minus MFI (isotype control). (E) MNC were incubated with media control or Daudi at different days of cultivation in order to
perform the degranulation assay. After 3h CD107a+ gd T cells and DMFI of CD107a on gd T cells were detected by flow cytometry. The data are
presented as mean ± SD of 12 (B, C) or 9 (D, E) independent experiments. *p<0.05, **p<0.01 and ***p<0.001 comparing the two different
stimulation protocols.
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and the amount of CD107a on the surface of gd T cells as

determined by DMFI compared to stimulation with R10F

(Figure 1E). To directly determine the anti-tumor activity of gd T

cells against the tumor cell line Daudi, we performed cytotoxicity

assays on day 10 of cultivation. For this, ab T cells and NKp46+ cells

were paramagnetically depleted from the cell suspension in order to

isolate the gd T cells on day 10. The cell composition before and

after depletion is shown Figure 2A. By cultivation using the Ko-Op

protocol compared to R10F, a significant increase in the cytotoxicity

of gd T cells against Daudi could be achieved with both the

monoclonal antibodies rituximab and obinutuzumab and their

non-specific isotype control (Figure 2B). The specific lysis of

Daudi cells under addition of IgG corresponds to the intrinsic
Frontiers in Immunology 06141
cytotoxicity of gd T cells as the unspecific isotype control does not

mediate ADCC. To confirm this, we tested if there is a difference in

specific lysis of Daudi between addition of IgG or no isotype control

and could not find a significant difference both when stimulated

with R10F or Ko-Op (data not shown). In summary, cultivation

with Ko-Op enhances the proliferation rate, the purity, the anti-

tumor activity and the cytotoxicity of stimulated gd T cells.

Since we did not see a clear improvement in IFNg production by

stimulation with Ko-Op compared with R10F, we wondered

whether all tested parameters could be equally optimized by

stimulation. We therefore tested the proliferation rate of MNC,

the percentage of gd T cells, the CD107a expression and the

cytoplasmic IFNg on day 10 for correlations. While, as expected,
B

A

FIGURE 2

Cytotoxicity of gd T cells by using Ko-Op for ex vivo stimulation. MNC of healthy donors were isolated and stimulated with Zol/IL-2 according to the
protocols R10F and Ko-Op. On day 10 of cultivation, the paramagnetic depletion of Tab+ and NKp46+ cells was performed. (A) Composition of
undepleted and Tab+ and NKp46+ depleted MNC on day 10. (B) Depleted MNC were incubated with Daudi and the monoclonal antibodies
rituximab, obinutuzumab or their unspecific isotype control (IgG) for 4h in different effector to target ratios. Specific target cell lysis was measured by
flow cytometry. The data are presented as mean ± SD of 4 (A) or 3-4 (B) independent experiments. *p<0.05 and **p<0.01 comparing the two
different stimulation protocols.
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the proliferation rate and purity as well as IFNg production and

CD107a expression were significantly related (data not shown),

there was a negative correlation between cell concentration of gd T

cells and IFNg production (Figure 3). Since we did not split the cell

cultures during the cultivation with Ko-Op, the cell concentration is

a direct indicator of cell count of gd T cells. Thus, not all target

parameters can be equally enhanced with our cultivation method.
Correlation of donor characteristics with
the proliferation and anti-tumor activity of
their stimulated gd T cells

Especially when multiple donors are available, it would be

helpful to be able to deduce from the demographic or clinical

characteristics of the donors or their unstimulated gd T cells

whether their stimulated gd T cells have the potential for high

yield and high anti-tumor activity. We could not find a significant

correlation between the donors’ sex and the cell concentration of gd
T cells on day 10 of stimulation (data not shown). There was also no

significant correlation between cell concentration at day 10 and the

donors’ age, although the significance level for the negative

correlation between age and cell concentration of gd T cells was

just not reached with a p value of 0.052 (Figure 4A). However, we

observed a positive correlation between the cell concentration of gd
T cells on day 10 of stimulation and the percentage of gd T cells of

unstimulated MNC, which in turn correlated negatively with age

(Figures 4B, C). Additionally, we found a negative correlation

between age of donors and the DMFI of CD107a in the

degranulation assay without incubation with Daudi cells

(Figure 4D). In conclusion, higher age seems to be associated

with lower percentage of gd T cells in MNC and therefore with

lower proliferation when stimulated by using Ko-Op. Additionally,

the stimulated gd T cells of older donors probably bear less anti-

tumor activity compared to them of younger donors. Thus, the

percentage of gd T cells as well as the age of the donors can be used

as a decision-making aid in the selection of donors.
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Modification of proliferation, purity and
anti-tumor activity of gd T cells by altering
the stimulants within the Ko-Op protocol

We next investigated whether the Ko-Op protocol could be

improved by a zoledronate pulse or by applying IL-15 in addition to

or in place of IL-2, or by the combination of both. For this, MNC of

healthy donors were isolated and stimulated using the Ko-Op

standard protocol or according to different alterations concerning

the zoledronate addition and the composition of the interleukins up

to ten days. For zoledronate pulse, 100 μM zoledronate was added

to the isolated MNC and washed out again after 4 hours of

incubation. When IL-15 was used, this was at a concentration of

10 ng/ml, with the concentration of IL-2 remaining unchanged at

1000 U/ml.

Pulsing the cells with high-dose zoledronate led to a significant

lower proliferation rate of gd T cells on day 7 of cultivation

(Figure 5A). While compared to the standard protocol, the

combined application of IL-2 and IL-15 led to no significant

change in proliferation rate of gd T cells, the proliferation was

significantly lower when IL-15 was used alone (Figure 5B). The

combination of zoledronate pulse and adding IL-2 and IL-15 also

did not lead to any improvement (Figure 5C). The proportion of gd
T cells and thus the purity of the cell product was significantly

reduced by pulsing zoledronate, by using IL-15 instead of IL-2 and

by combining both modifications (Figures 5D–F).

Regarding cytoplasmic perforin, the use of IL-15 instead of IL-2 led

to a significant reduction both without and with zoledronate pulse

(Figures 6B, C). The zoledronate pulse alone and the use of IL-15 in

addition to IL-2 did not lead to any significant change (Figures 6A–C).

The modifications of the Ko-Op protocol had no significant effect on

cytoplasmic IFNg and CD107a expression in the degranulation assay

(data not shown). We next performed cytotoxicity assays with the

different cultivated MNC. To be able to compare the methods more

accurately, we calculated the lytic units per 106 effector cells according

to Bryant et al. (22). A lytic unit is the number of effector cells, which is

required to lyse a specific percentage of target cells. A significant
FIGURE 3

Indirect correlation of cell concentration and IFNg production of stimulated gd T cells. MNC of healthy donors were isolated and stimulated with Zol/
IL-2 according to the protocol Ko-Op. On day 10, the gd T cell number/ml was calculated on the basis of cell number/ml of MNC and percentage of
gd T cells on the MNC. The cytoplasmic IFNg in gd T cells was determined by flow cytometry. The results were tested for correlation. The data are
presented as correlation chart of 15 independent experiments. Correlation coefficient R is calculated according to Spearman. *p<0.05 correlating the
indicated variables.
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increase in lytic units could be achieved with the zoledronate pulse

compared to the standard protocol when no therapeutic antibodies are

added (Figure 6D). The combination of IL-15 and IL-2 led to no

change in lytic units bothwith andwithout antibodies compared to the

standard protocol, but to significant higher lytic units compared to IL-

15 alone (Figure 6E). Interestingly, when the modifications were

combined, an increase in lytic units could be achieved without

antibody when IL-15 alone or IL-15 and IL-2 were added, and with

antibody when IL-15 and IL-2 were added, compared to the

zoledronate pulse without modification of the interleukins (Figure 6F).

As IL-15 is known to promote the stimulation of central memory

T cells, we analyzed certain subclasses of stimulated gd T cells. gd T

cells were classified into naive, central memory, effector memory and

terminally differentiated gd T cells based on the expression of

CD45RA and CD27 (20, 25). As expected, the stimulation with IL-

15 instead of IL-2 led to an elevated percentage of central memory gd
T cells (TCM) and to a reduced percentage of effector gd T cells

(TEM), also if combined with pulsing zoledronate (Figures 6H, I).

Pulsing zoledronate and addition of IL-2 as stimulant also resulted in
Frontiers in Immunology 08143
more TCM (Figure 6G). Interestingly, combining IL-2 with IL-15

significantly reduced the percentage of TCM, but the difference was

marginal (Figure 6H).

In conclusion, pulsing zoledronate and co-stimulation by the

combination of IL-2 and IL-15 lead to significant changes in in vitro

anti-tumor activity and in the subclasses of stimulated gd T cells.
Discussion

Improvement of immunotherapeutic
cell products by a newly developed
cultivation method

The aim of this work was to lay the groundwork for a GMP-

compliant cultivation process for gd T cells that would reliably

produce a cell product with high proliferation rate, purity and anti-

tumor activity. By combining known and partly new process steps

like shaking, we established the xenogen-free cultivation protocol
B

C
D

A

FIGURE 4

Correlation of donor characteristics with the proliferation and anti-tumor activity of their stimulated gd T cells. MNC of healthy donors were isolated
and stimulated with Zol/IL-2 according to the protocol Ko-Op. The percentage of gd T cells was determined by flow cytometry. On day 10 of
cultivation, the degranulation assay was performed. (A) Correlation between the age of donors and the gd T cell number/ml on day 10 of stimulation.
(B) Correlation between the percentage of gd T cells when unstimulated and the gd T cell number/ml on day 10 of stimulation. (C) Correlation
between the age of the healthy donors and the percentage of gd T cells when unstimulated. (D) Correlation between the age of the healthy donors
and the DMFI of CD107a on gd T cells on day 10 of stimulation. The data are presented as correlation chart of 36 (A–C) or 14 (D) independent
experiments. Correlation coefficient R is calculated according to Spearman. *p<0.05 and **p<0.01 correlating the indicated variables.
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“Ko-Op”. When stimulating MNC with this cultivation method, gd
T cell counts increased more than 400-fold on average and the cell

product consisted of over 90% gd T cells. Compared to our previous

standard procedure, cultivation with Ko-Op led to higher

production of cytoplasmic perforin, to higher degranulation and

to stronger cytotoxicity with and without monoclonal antibodies

directed against target cells. However, stimulation with Ko-Op

increased cytoplasmic IFNg only on day 7 of cultivation

compared with our previous standard protocol “R10F”. IFNg is a

pro-inflammatory cytokine and its production is a typical hallmark

of activated Vg9Vd2 T cells associated with their effector functions

in cancer (26, 27). Interestingly, for gd T cells stimulated with Ko-

Op in our study, we observed a negative correlation between the

proliferation rate at day 10 and both the proportion of cytoplasmic

IFNg expressing gd T cells and the DMFI of cytoplasmic IFNg in gd
T cells. Possibly, the IFNg producing gd T cells are distinctively

differentiated and proliferate less upon stimulation by IL-2.

Consistent with this, CD27+ gd T cells were found to proliferate,

but to have a reduced capacity to secrete IFNg (28).
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That OpTmizer is a suitable medium for serum-free expansion

of gd T cells has also been shown by Sutton et al. (29). Interestingly,

the purity of gd T cells after stimulation with Ko-Op in our study is

notably higher than the described percentage of gd T cells in their

study. This could be due to the fact that we use a higher dose of

zoledronate, do not split and shake the cells from day 4 onwards.

However, we know that shaking is not the main reason for the

higher purity as stimulation with Ko-Op without shaking leads to

comparable purity but reduced vitality of MNC compared to Ko-Op

standard stimulation (data not shown). We do not add IL-2 before

d2. This could explain why the percentage of NK cells, which are

known to proliferate upon IL-2 stimulation, is comparatively low

after stimulation with Ko-Op. While the presence of NK cells might

not negatively influence the anti-tumor activity of the final cell

product and even be beneficial in some indications (30), the ab T

cells cause graft versus host reaction and must be depleted prior to

adoptive transfer with resulting losses in cell count. We therefore

prefer a process that results in a cell product of high purity, as is

achieved by stimulation with Ko-Op. That no depletion step would
B C

D E F

A

FIGURE 5

Modification of proliferation, purity and anti-tumor activity of gd T cells by altering the stimulants within the Ko-Op protocol. MNC of healthy donors
were isolated and stimulated according to the Ko-Op standard protocol (orange bars) or to different alterations concerning the zoledronate addition
(Zol pulse) and the composition of the interleukins (IL-15, IL-2 + IL-15) up to ten days. (A–C) Proliferation rate of gd T cells at day 7 and 10 of
cultivation. (D–F) Percentage of gd T cells at day 7 and 10 of cultivation measured by flow cytometry. The data are presented as mean ± SD of 7 (A,
D), 6 (B, E) or 4 (C, F) independent experiments. *p<0.05, **p<0.01 and ***p<0.001 comparing the different cultivation protocols.
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be necessary after stimulation with Ko-Op is demonstrated by the

following calculation example using the percentage data from the 12

donors of Figure 1C. Assuming that 3.0x106 stimulated MNC per

kilogram body weight are to be transplanted, we would administer

an average of 2.77x106 gd T cells per kilogram body weight

(equivalent to 92.19% gd T cells of MNC) on day 10/11 of

cultivation, which in our experience would be an appropriate cell

number (6, 16). The number of ab T cells thereby administered
Frontiers in Immunology 10145
would be 1.14x105 ab T cells per kilogram body weight (equivalent

to 3.81% ab T cells of MNC). On day 14/15, we would even

administer only 5.97x104 ab T cells per kilogram body weight

(equivalent to 1.99% ab T cells of MNC). We know from in vivo

studies with NK cells that ab T cell numbers lower than 5x105 per

kilogram body weight are tolerable (31, 32). In only one of the 12

donors was the percentage of ab T cells too high on day 10

of stimulation, but by day 14 the percentage would have been
B C

D E F

G H I

A

FIGURE 6

Modification of anti-tumor activity and differentiation of gd T cells by altering the stimulants within the Ko-Op protocol. MNC of healthy donors were
isolated and stimulated according to the Ko-Op standard protocol (orange bars) or to different alterations concerning the zoledronate additon (Zol
pulse) and the composition of the interleukins (IL-15, IL-2 + IL-15) up to ten days. (A–C) Cytoplasmic perforin of gd T cells was stained at day 10 of
cultivation. DMFI was measured by flow cytometry. (D–F) MNC were incubated with Daudi with the monoclonal antibodies rituximab, obinutuzumab
or their unspecific isotype control for 4h in order to perform the cytotoxicity assay at day 10 of cultivation. Lytic units per 106 effector cells were
calculated based on the specific target cells lysis obtained with different effector to target ratios from 0.7:1 to 20:1. (G–I) Percentage of the gd T cells
differentiated in naive (CD45RA+CD27+), TCM (CD45RA-CD27+), TEM (CD45RA-CD27-) and TEMRA (CD45RA+CD27-). The data are presented as
mean ± SD of 5 (A, F, G), 6 (B, E, H) or 4 (C, D, I) independent experiments. *p<0.05 and **p<0.01 comparing the different cultivation protocols.
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within the acceptable range. Therefore, MNC stimulated with

Ko-Op should be usable without the need for an additional

purification step.

Beside bisphosphonate-based protocols, K562 feeder cell-based

methods with or without zoledronate, have been developed to

expand gd T cells for cellular therapy in recent years (33, 34).

Since this provides sustained stimulation over several weeks,

expansion rates are very high and in a direct comparison also

higher than with a bisphosphonate-based protocol (33). However,

the use of feeder cells increases the complexity of the process and

may reduce the chance of regulatory approval. In addition, the

K562-based protocol is under patent protection. In conclusion, our

newly developed protocol can be more rapidly implemented in the

clinic and is more easily applicable for broader use in academia

or industry.
The optimal donor and time schedule for
ex vivo expansion of gd T cells with Ko-Op

Adoptive transfer of haploidentical gd T cells is feasible without

limiting side effects (6, 8). Therefore, if several donors are available

the question of selecting the most suitable donor arises. Despite our

promising results presented here, we see differences between the

various donors in terms of yield and anti-tumor activity when we

stimulate their MNC in vitro using the new cultivation procedure

Ko-Op. We found a weak but significant inverse relationship

between age and degranulation and a positive correlation between

percentage of gd T cells of unstimulated MNC and proliferation rate

of gd T cells. This is consistent with the finding that gd T cells from

older people do not respond well to IPP (35). Our results also fit the

finding of Sutton et al. that the initial gd T cell number correlates

with the final gd T cell number (29). As consequence, we would

choose the youngest adult donor with the highest percentage of gd T
cells of unstimulated MNC to achieve the best possible yield and

anti-tumor activity of cells.

The question remains as to the optimal culture duration and

timing for adoptive cell transfer. Yield and purity as well as anti-

tumor activity should be as high as possible. In view of all the

findings, we consider the resulting cell product on day 10 to be the

most suitable of the tested days for in vivo application and thus also

for our further in vitro investigations. This is in line with others who

also see an optimal outcome at day 10 of ex vivo stimulation also in

terms of a lower proportion of terminally differentiated cells.

However, their stimulation protocol differs from ours as they

used K562 artificial antigen presenting cells in combination with

zoledronate to expand gd T cells (36).
Modulating Ko-Op by pulsing zoledronate
and addition of IL-15

The benefits of pulsing zoledronate or addition of IL-15 for

expansion and stimulation of gd T cells have been demonstrated

several times (8, 19–21). The rationale for washing out zoledronate
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after 4h is to reduce cellular toxicity by the aminobisphosphonate

(19, 37). But in contrast to others, we saw no benefit regarding the

proliferation and the purity when adjusting the Ko-Op protocol by

pulsing of zoledronate. The purity was even reduced. However, we

already achieved an excellent purity with Ko-Op standard, which

could explain the missing benefit of pulsing zoledronate.

Additionally, the toxicity of remaining zoledronate does obviously

not prevail the possible benefit of not washing out. Indeed, by

pulsing, both the culture medium of the first four hours with

possibly already released cytokines contributing to the stimulation

and the stimulant zoledronic acid itself are lost. However, an

increase of intrinsic cytotoxicity of gd T cells can be achieved by

pulsing zoledronate. Furthermore, pulsing zoledronate leads to a

higher proportion of TCM, which is associated with a more effective

tumor control in vivo, at least in ab T cells studies (38, 39).

The impact of combining IL-2 with IL-15 for gd T cell

stimulation on the proliferation rate is controversial. Van Acker

et al. described enhancing effects on proliferation (20). Xu et al. also

observed a higher proliferation rate, but they additionally

stimulated with vitamin C (8). Like us, Aehnlich et al. and

Burnham et al. did not find a benefit (21, 40). Regarding the

intrinsic and antibody-dependent cell-mediated cytotoxicity, we

unexpectedly only saw benefits of combining IL-2 and IL-15

when zoledronate was pulsed. With respect to the current

literature, we would have expected also an enhancing effect if IL-2

and IL-15 is combined with our Ko-Op standard protocol.

However, for the intrinsic and the obinutuzumab-mediated

cytotoxicity, we could observe higher lytic units when IL-2 was

combined with IL-15. Here, because of the high variability of the

results of single experiments, a significance level was not reached.

IL-15 has already been safely administered in clinical trials,

facilitating GMP-compliant use (41).

We also tested the use of IL-15 instead of IL-2 for expansion and

found significantly reduced proliferation, purity, cytoplasmic

perforin and cytotoxicity. Interestingly, we observed an increased

intrinsic cytotoxicity when pulsing zoledronate was combined with

IL-15 instead of IL-2. However, because of the small recovery, we do

not consider it practical for clinical use to stimulate with IL-15 only.

In summary, pulsing zoledronate and additional administration

of IL-15 modifies the anti-tumor activity and the differentiation of

stimulated gd T cells. While enhanced cytotoxicity and a higher

percentage of TCM can be considered as improvements, the

question arises whether the lower purity by pulsing zoledronate is

acceptable for clinical-scale application. This might possibly require

an additional depletion step, with corresponding cell loss, before

their adoptive transfer. Still, the cultivation procedure for the gd T

cell product can be adjusted to the actual requirements of the

clinical application.
Conclusions and outlook

With this study, we have achieved our goal of establishing an

expansion protocol for gd T cells that is easy to scale up and convert

to a GMP-compliant process. We also demonstrated that it is
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superior to our previous standard procedure with respect to almost

all target parameters considered. Furthermore, we examined our

results for correlations with donor characteristics in order to draw

conclusions about a suitable donor for ex vivo expansion followed

by haploidentical transplantation. Finally, we demonstrated that the

expansion protocol Ko-Op can be further modified by pulsing

zoledronate and combining IL-15 and IL-2 as co-stimulators.

Further tests with frozen and thawed stimulated cells and in vivo

studies remain necessary to verify whether the results obtained in

this study are reflected by the anti-tumor activity in vivo.
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SUPPLEMENTARY FIGURE 1

Percentage of NK cells, vitality of MNC and percentage of perforin+ and IFNg+

gd T cells after ex vivo stimulation. MNC of healthy donors were isolated and
stimulated with Zol/IL-2 according to the protocols R10F (blue hatched bars)

and Ko-Op (orange bars) up to 17 days. (A) Representative FACS analysis of
MNC cultured according to the protocols R10F or Ko-Op for ten days. NK

cells were defined by using anti-CD56-PC5 and anti-CD3-ECD. (B)
Percentage of NK cells at different days of cultivation measured by flow

cytometry. (C) Vitality of MNC at different days of cultivation determined by

trypan blue exclusion. (D) Cytoplasmic perforin and IFNg in gd T cells were
stained at different days of cultivation and measured by flow cytometry. The

data are presented as mean ± SD of 12 (B, C) or 9 (D) independent
experiments. *p<0.05 and **p<0.01 comparing the two different

stimulation protocols.
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Patient-derived autologous chimeric antigen receptor (CAR)-T cell therapy is a

revolutionary breakthrough in immunotherapy and has made impressive

progress in both preclinical and clinical studies. However, autologous CAR-T

cells still have notable drawbacks in clinical manufacture, such as long

production time, variable cell potency and possible manufacturing failures.

Allogeneic CAR-T cell therapy is significantly superior to autologous CAR-T

cell therapy in these aspects. The use of allogeneic CAR-T cell therapy may

provide simplified manufacturing process and allow the creation of ‘off-the-

shelf’ products, facilitating the treatments of various types of tumors at less

delivery time. Nevertheless, severe graft-versus-host disease (GvHD) or host-

mediated allorejection may occur in the allogeneic setting, implying that

addressing these two critical issues is urgent for the clinical application of

allogeneic CAR-T cell therapy. In this review, we summarize the current

approaches to overcome GvHD and host rejection, which empower allogeneic

CAR-T cell therapy with a broader future.

KEYWORDS

allogeneic CAR-T cell, gene-editing technology, non-gene editing technology, T cell
subsets, pluripotent stem cell
1 Introduction

Chimeric antigen receptor (CAR)-T cell therapy is an innovative approach in cancer

treatment, which has achieved great success in hematological malignancies and emerged as

a promising treatment modality against solid tumors (1, 2). With the sixth CAR-T product

approved by FDA and likely more to come (3), autologous CAR-T cell therapy, in which a

patient’s own T cells are genetically engineered in vitro and then infused back into the

patient, has demonstrated its importance in clinical applications. However, autologous

CAR-T products inevitably raise challenging issues due to the customized and complex

process flows. Since the clinical manufacture of CAR-T cells takes 1 to 3 weeks from

collecting the patient’s blood to the final harvest of qualified cell products (4), patients with

rapidly progressive tumors may lose access to CAR-T administration. Besides, the
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personalized pattern of autologous products means that CAR-T

products may derive from different batches even for the same

patient, which represents complicated processes and excessive

costs (5). Moreover, T cell dysfunction caused by the healthy level

and previous treatment of patients, as well as flawed processes in

clinic manufacture, can contribute to the possibility of

manufacturing failure (6, 7). Allogeneic CAR-T cells, which are

also known as ‘off-the-shelf’ CAR-T cells, is an alternative to

potentially overcome all these issues. For example, allogeneic

CAR-T cells with starting materials sourced from healthy donors

have the potential to increase predictable efficacy and treat all

eligible patients. Compared with autologous CAR-T cells, a large

number of allogeneic CAR-T cells can be produced in a single

manufacturing run, meeting the needs of treatment for multiple

patients and the requirements for cost reduction due to scale-up

production. In addition, elimination the delay of treatment through

reviving pre-frozen allogeneic cells in time whenever patients need

may improve the clinical outcomes (Figure 1) (8, 9).

Although allogeneic CAR-T cell therapy has such advantages, it

still remains hurdles to hamper its practical application. From an

immunological perspective, donor CAR-T cells may attack host

tissues to induce graft-versus-host disease (GvHD), and may be

recognized by host immune system to cause host-mediated

allorejection (8, 10). In this review, we describe the present

strategies to address these risks through technology approaches in

ab T cells or using different cell types. We also discuss clinical

transformation of universal allogeneic CAR-T cells based on the

current strategies.
2 Modifying ab T cells

Human leukocyte antigen (HLA) mismatch between donor and

recipient is the major cause of GvHD and host immune rejection.

The HLA system is a cluster of gene complex located on
Frontiers in Immunology 02150
chromosome 6 in humans, which encodes cell-surface proteins

responsible for presenting peptides to the ab T-cell receptor (TCR)

on T cells (11). HLA is known to be the most polymorphic gene

region mainly caused by multiple alleles and codominance, and thus

leads to high possibility of HLA mismatch in populations. The ab
TCR from donor CAR-T cells, which is composed of a- and b-
chains, is able to recognize foreign HLA molecules with peptides

restrictively, hence inducing acute or chronic GvHD. In turn, host

ab T cells may attack allogeneic CAR-T cells in an HLA-restricted

way and trigger host rejection. Natural killer (NK) cells also

participate in the rejection of donor CAR-T cells through tilting

the dynamic balance between signals from cell surface activating

and inhibitory receptors. Upon the unique recognition of inhibitory

receptors and their ligands HLA class I (HLA-I) molecules, NK cells

acquire immune tolerance to self, which means that mismatch

between donor HLA-I and inhibitory receptors of recipient NK

cells will weaken the transmitted inhibitory signal and then activate

NK cells (12). In addition to cellular rejection, antibody-mediated

rejection driven by donor-specific antibodies (DSAs) is also

associated with graft damage after transplantation. DSAs contain

antibodies against recipient’s HLA antigens and non-HLA antigens

like minor histocompatibility antigens and autoantigens. In clinical

trials of allogeneic cell therapy, DSAs were reported to induce cell

killing through antibody-mediated cellular cytotoxicity (ADCC)

and complement-dependent cytotoxicity (CDC) (13). Therefore,

efforts are necessarily needed to solve these two problems in

allogeneic CAR-T cell therapy.
2.1 Using gene editing technology

Modification of allogeneic CAR-T cells via gene editing

technology is one of the major strategies to avoid GvHD and

host-mediated allorejection. Gene editing technology is based on

two mechanisms: double-strand breaks can be repaired to mediate
FIGURE 1

Comparison of clinic manufacturing process between autologous and allogeneic CAR-T cells. The above (red) represents the process flows of
patient-derived autologous CAR-T cells. T lymphocytes are firstly enriched and activated from peripheral blood mononuclear cells. Afterwards, CARs
are introduced by viral transduction and the obtained CAR-T cells are expanded and frozen, which are available for the patient’s own use after
reviving. The below (blue) represents the process flows of healthy donor-derived allogeneic CAR-T cells. T lymphocytes are same enriched and
activated, followed by elimination of TCR at the time of CAR introduction. The TCR-negative CAR-T cells are then purified from expanded cell
population and the final frozen cells are available for different patients.
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gene knock-in through homologous recombination or gene

knockout through non-homologous end joining when template

strand is introduced or not, respectively (14). Currently, a series

of powerful gene editing tools, such as zinc-finger nucleases (ZFNs),

transcription activator-like effector nucleases (TALENs), and

clustered regularly interspaced short palindromic repeats-

CRISPR-associated protein 9 (CRISPR-Cas9), have played a role

in preclinical and clinical studies of allogeneic CAR-T cells (15–17).

Genetically editing donor CAR-T cells to eliminate endogenous

ab TCR may effectively prevent TCR-mediated alloreactivity

without compromising CAR-dependent function. Torikai et al.

(15) first proposed that TCR-negative allogeneic anti-CD19 CAR-

T cells, in which ab TCR was deleted through ZFN-driven gene

editing, showed the expected cytotoxicity of CD19 redirection

without responding to TCR stimulation. This pioneering work

introduced gene editing technology into allogeneic CAR-T cells,

paving the way for its further use by utilizing different editing tools.

More recently, a two-in-one strategy that inserting CAR gene into

TCR a constant region (TRAC) through CRISPR system was

designed (Figure 2A) (18). The produced allogeneic CAR-T cells

lacked the unwanted graft-versus-host response, and were protected

from the side effects of CAR transduction, such as virus usage and

random integration. This two-in-one strategy further suggested that

integrating CAR gene into targeted gene locus through gene editing

may be a promising approach to both avoid the defects of CAR

transduction and achieve the desired goal of targeted gene

knockout. For example, CAR insertion in PDCD1 locus may

resist exhaustion of CAR-T cells (19, 20).
Frontiers in Immunology 03151
Several strategies have also been developed to escape host

rejection. One of the most commonly used in clinical settings is

disrupting CD52 in donor CAR-T cells combined with

lymphodepletion through Alemtuzumab, a humanized anti-CD52

monoclonal antibody (Figure 2B) (21, 22). CD52 is widely

distributed on the surface of lymphocytes and many other

hematopoietic cells, so pretreatment with Alemtuzumab can

prevent host rejection and facilitate the expansion and survival of

infused CD52-decifient CAR-T cells, which are resistant to

Alemtuzumab. Since HLA-I molecules are expressed on the

surface of most nucleated cells, abrogating their expression in

CAR-T cells is another feasible strategy to evade the recognition

by the recipient T cells. Disruption of b2-microglobulin (B2M) gene

was reported to efficiently eliminate the expression of HLA-I

molecules, as B2M is a highly-conserved component of HLA-I

heterodimer. Nevertheless, the removal of HLA-I may lead to the

activation and killing of NK cells, suggesting the limitations of

direct deletion. Therefore, different modification methods were

proposed to guarantee no ‘missing-self’ response by host NK

cells. One is to express a single-chain HLA-E with minimal

polymorphism fused to the B2M locus, which can effectively

prevents killing of NKG2A+ NK cells (Figure 2D) (23, 24).

Another is to construct an inventory containing HLA-C-retained

cells that disrupts both HLA-A and HLA-B alleles. An induced

pluripotent stem cell bank containing 12 lines of HLA-C-retained

cells was found to be immunocompatible with >90% of the world

population (25), demonstrating the construction of a cell inventory

is potentially viable (Figure 2E). While not expressed in naive T
A B

D E F

C

FIGURE 2

Gene editing technologies for overcoming GvHD and host-mediated allorejection. The left (A) represents the strategy to overcome GvHD that
inserting CAR gene into the TRAC/TRBC loci. The right (B–F) represents the strategies to overcome host rejection, showing a combination strategy
by removing CD52 in CAR-T cells with lymphodepletion through Alemtuzumab (B), knockout of CD7 in CAR-T cells when treating CD7-positive T
cell malignancies (C), HLA-E insertion in one allele of B2M while another allele is knocked out (D), construction of HLA-C-retained cells that disrupts
both HLA-A and HLA-B alleles (E), and knockout of transcription factors like RFX5/CIITA to achieve elimination of HLA-II (F). TRAC, TCR a constant
region; TRBC, TCR b constant region.
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cells, HLA class II (HLA-II) molecules are upregulated in activated

T cells under the control of several trans-acting regulatory factors

such as RFX5 and CIITA (26–28). Previous studies found that

mutations in these regulatory genes led to lack of HLA-II antigen

expression and CD4+ T cell-dependent immune response (29),

indicating depletion of them would be a strategy to overcome

host rejection caused by HLA-II-restricted recognition

(Figure 2F). In the case of treating T cell malignancies, CD7-

targeting allogeneic CAR-T cells with genetic modifications of

CD7 depletion are also an encouraging approach to resist

fratricide in addition to T cell-mediated rejection (Figure 2C)

(30). As CD5 is also a pan-T marker acting as an inhibitory

regulator of TCR signaling and regularly expresses on ~85% of T

cell malignancies (31), it can also be an attractive target against T

cell malignancies in allogeneic CAR-T therapy.

Combination of these strategies to overcome both host-mediated

allorejection and GvHD has been intensively studied in the field of

allogeneic CAR-T therapy (16, 19, 32). For instance, a recent study

successfully generated CAR-T cells with immune-evasive properties

by inserting CAR and HLA-E gene into TCR and B2M loci,

respectively (33). These engineered cells were proved to evade the

attack of T cells and NK cells, as well as extend their antitumor

activity and persistence both in vitro and in vivo. The success of

combination strategy in preclinical models enables the use of

allogeneic T cells for adoptive T cell therapy, supporting the

translation of research into clinical practice. To date, a number of

clinical trials using gene-edited allogeneic T cells as the source of

effector cells for CAR-T cell therapy are underway worldwide, most of

which target hematological malignancies (34–36). UCART19 is the

first-in-class allogeneic CAR-T product developed for the treatment

of CD19-positive hematological malignancies, which is engineered to

eliminate the expression of TCR and CD52 through TALEN system.

A clinical trial (NCT02746952) based on UCART19 showed great

expansion and antitumor activity of CAR-T cells in patients with

relapsed or refractory B-cell acute lymphoblastic leukemia, in which

only 2 patients developed grade 1 acute cutaneous GvHD (37). Many

other clinical trials have also shown no or minimal GvHD and host

rejection in gene-edited allogeneic CAR-T products, indicating the

safety in clinical applications.
2.2 Using non-gene editing technology

Although gene editing technology is an excellent tool to modify

allogeneic T cells, it actually carries various potential risks

associated with carcinogenicity and chromosomal abnormalities.

CRISPR-Cas9 editing was reported to potentially trigger p53-

mediated programmed cell death, while downregulation of p53

made the cells more likely to be edited (38, 39). The findings suggest

that p53-mutant cells are easier to be edited, therefore raising the

risk of cell carcinogenesis. Moreover, cells with mutations in other

cancer driver genes, such as the KRAS gene, have a competitive

advantage after CRISPR-Cas9 editing (40). Numerical or structural

chromosomal abnormalities are also hidden dangers of CRISPR-

Cas9 editing (41, 42). CRISPR-Cas9 cleavage may cause

chromosomal aberrations in human T cells, including
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chromosomal truncations, translocations and frequent aneuploidy

(43, 44). All the reports point that global detection is needed to

eliminate potential risks if CRISPR-Cas9 gene-edited cells are used

for treatment. As an alternative, non-gene editing technologies have

been explored to mitigate the risk of GvHD and host

immune rejection.

Unlike gene editing technology that performs precise genetic

manipulation in TCR locus to avoid alloreactivity of donor CAR-T

cells, non-gene editing technology prefers to disrupt the

downstream mechanisms of action. Since the formation of the

TCR/CD3 complex is required for antigen recognition and

downstream signal generation (45), inhibition of its assembly or

cell surface expression may effectively prevent endogenous TCR-

driven T cell activation. From the mRNA level, knocking down any

subunit of TCR/CD3 complex through specific short hairpin RNA

(shRNA) is one of the effective strategies to inhibit this complex

formation (Figure 3A). On this basis, CYAD-211, a non-gene edited

allogeneic CAR-T product that co-expresses CD3z shRNA with

BCMA CAR via a single viral vector, was subsequently explored. A

phase 1 trial (NCT04613557) evaluating CYAD-211 in adult

patients with relapsed or refractory multiple myeloma showed an

encouraging antitumor effect with a favorable safety profile (46),

suggesting that knockdown of components in the complex is

feasible. Several means of affecting the formation of TCR/CD3

complex on cell surface at the protein level have also been proposed.

As the complex is assembled in the endoplasmic reticulum (ER), a

specific protein expression blocker (PEBL) that consists of anti-

CD3ϵ scFv and peptide predicted to anchor to ER was designed,

thereby retaining the complex intracellularly (Figure 3B) (47, 48).

Besides, expression of a TCR inhibitory molecule (TIM) that

consists of a truncated CD3z peptide can result in dominant

suppressive effects in TCR downstream signal through

competitively form TCR/TIM complex (Figure 3C). By co-

expressing a NKG2D CAR and a TIM, the CAR-T product

CYAD-101 was proved to have antitumor activity without GvHD

in mouse models and clinical trials (NCT03692429) (49, 50).

Resistance of allogeneic CAR-T cells to the recipient’s immune

system requires eliminating alloreactive response mediated by T

cells, NK cells and DSAs (Figure 3D). Activated lymphocytes

temporarily upregulate the expression of several surface markers

to provide additional costimulatory signals (51, 52), which can be

targeted to eliminate host T cells and NK cells activated by

allogeneic T cells, thereby preventing allogeneic T cells from

being rejected. Based on the proof of principles, an alloimmune

defense receptor (ADR) that consisted of an extracellular 4-1BB

ligand-derived recognizing fragment fused to an intracellular CD3z
chain was proposed to apply to allogeneic CAR-T cell therapy (53).

The expression of ADR was shown to effectively resist host rejection

and fratricide as the expression of ADR could downregulate or

mask their own 4-1BB. As NK cells can be activated by ‘missing self’

recognition, Hu et al. (30) generated an NK cell inhibitory receptor

(NKi), which was composed of the EC1-EC2 extracellular domain

of E-cadherin and the CD28 intracellular domain. Due to the fact

that E-cadherin negatively regulates NK cell function through

KLRG1 binding and that CD28 intracellular domain enhances the

inhibitory effect of NKi (54), the incorporation of NKi into CAR-T
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cells resulted in a reduction in NK cell-mediated cytotoxicity.

Besides, previous studies showed that upregulation of CD47

expression specifically prevented NK cells from killing allogeneic

stem cells and cells with HLA-I deletion, illustrating that ectopic

expression of CD47 in CAR-T cells may be a novel strategy to solve

NK cell-mediated rejection (55, 56). However, it still needs to be

further evaluated in preclinical models. More recently,

overexpression of CD64 was found to protect CAR-T cells from

HLA and non-HLA antibody killing (13). Since CD64 is a high-

affinity receptor for the fragment crystallizable (Fc) region of IgG,

CAR-T cells that overexpress CD64 can capture IgG Fc and make

DSAs inaccessible to effector cells and complement, thus allowing

CAR-T cells to evade ADCC and CDC.
3 Using different T cell subpopulations

Despite the fact that ab T cells are the dominant source of

effector cells in CAR-T cell therapy, their use in allogeneic settings

still needs significant efforts. In addition to the manufacturing

process required for traditional autologous CAR-T cells,

allogeneic CAR-ab T cells, whether modified via gene-editing or

non-gene editing technologies, requires additional process to

achieve the clearance of GvHD and host-mediated allorejection,

as well as to ensure the clinical safety of the modified cells (9).

Therefore, a number of studies attempt to broaden the source of

effector cells to achieve a final product with less process and higher
Frontiers in Immunology 05153
safety. Here we describe the advantages of novel T cell subsets

available for CAR-T therapy over traditional ab T cells (Table 1),

and summarize the clinical progress of CAR-T therapy based on

them (Table 2).
3.1 CAR-invariant natural killer T cells

Invariant NKT (iNKT) cells are a CD1d-restricted, TCR semi-

invariant T cell subpopulation with TCR containing an invariant

Va24-Ja18 chain. The monomorphism of CD1d gives iNKT cells

the ability to overcome HLA-restricted GvHD in the allogeneic

settings without inactivating their endogenous TCR, thus providing

a safer source of effector cells for the ‘off-the-shelf’ CAR-T platform

(63). Preclinical models showed that CAR-NKT cells had better

localization ability to tumor tissues than conventional CAR-T cells

and played a dual killing effect by targeting CAR-positive tumor

cells and CD1d-positive M2 or tumor cells to reduce the immune

escape of tumor cells (64–66). Moreover, they were able to facilitate

maturation of DC through CD40L/CD40 and TCR/CD1d signaling

and thus indirectly activate CD8+ T cells (67). The first clinical trial

based on autologous CAR-NKT cells was conducted previously

(NCT03294954) (68). NKT cells were engineered to co-express a

CAR that could specifically recognize GD2-expressing

neuroblastoma and IL-15 that could support the survival of NKT

cells. The GD2.CAR.15 NKT cells showed enhanced persistence,

better tumor localization and improved tumor control without
A B

D

C

FIGURE 3

Non-gene editing technologies for overcoming GvHD and host-mediated allorejection. The above (A–C) represents the strategies to overcomeGvHD,
illustrating the knockdown of TCR complex through CD3zmRNA silencing (A), the downregulation of TCR complex through expressing a CD3ϵ-specific PEBL
that retaining the complex in cytoplasm (B), and the inhibition of TCR signaling by expressing TIMmolecules that can competitively replace CD3zwhen binding
ab TCR (C). The below (D) represents the strategies to overcome host rejection, in which approach 1-4 show the expression of ADR for evading the killing of
host T and NK cells, the expression of NKi to inhibit the activation of host NK cells and thus to reduce NK cell-mediated cytotoxicity, the overexpression of
CD47 to escape host NK cell-mediated rejection, the overexpression of CD64 to escape antibody-mediated rejection, respectively. The symbol “*” represents
the general schematic of amolecule (e.g., labeled virus particles (blue) in A) and its specific structure or composition (e.g., labeled white box in A).
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significant toxicity, which suggests the great potential of CAR-NKT

cells over conventional CAR-T cells. In addition, donor-derived

iNKT cells were proved to exert antitumor function without

exacerbating GvHD after allogeneic hematopoietic cell

transplantation, indicating the possibility for ‘off-the-shelf’

production and use (69).

Because of the relative rarity that iNKT cells account for only

0.01%-1% of peripheral blood T cells (70), expansion of them from

donor peripheral blood mononuclear cells (PBMC) to therapeutic

level is crucial for clinical use. Rotolo et al. (66) built a system in

which TCRVa24Ja18+ lymphocytes were activated by CD3/CD28

beads and cultured with an aliquot of irradiated autologous

mononuclear cells at a 1:1 ratio in the presence of IL-15, resulting

in an average 750-fold expansion of 3rd CAR19-iNKT cells after 3

weeks. Ngai et al. (71) also found that co-culture of iNKT cells with

an aliquot of aGalCer-pulsed irradiated autologous PBMC in the

presence of IL2 and IL-21 led to an average 600-fold expansion and

increased CD62L+ frequency in 10-12 days. Currently, a clinical

study of allogeneic CD19 CAR-NKT cells for relapsed or refractory

B-cell malignancies is underway (NCT00840853) (57). The NKT

cells were modified to express a CD19-targeting CAR, IL-15, and

shRNA targeting B2M and CD74 to downregulate HLA-I and HLA-

II molecules, respectively. The initial results indicated that these
Frontiers in Immunology 06154
allogeneic cells were well-tolerated and could mediate antitumor

responses in patients.
3.2 CAR-gd T cells

gd T cells, whose TCR consists of g- and d-chain, are a

subpopulation of T cells appearing in peripheral blood and

barriers like intestine (72). Different from ab T cells that

recognize the MHC-peptide complex, gd T cells play an

important role in both innate and adaptive immune responses

through multiple receptor-ligand interactions. In antitumor

immunity, gd T cells function in an MHC-independent manner

of antigen recognition and tumor killing, as well as play an indirect

role by activating B cells, ab T cells and NK cells (73, 74). Multiple

preclinical trials have found that the presence of gd T cells after

allogeneic stem cell transplantation do not induce GvHD (75, 76), a

feature that makes them an attractive pool for allogeneic CAR-T

therapy. A previous gd T-based GD2 CAR-T study showed that

CAR-gd T cells could better migrate and infiltrate into tumor site,

exert antitumor effects and cross-present antigens to tumor-

infiltrating ab T cells through uptake of released tumor-

associated antigens (77). Other studies of CAR-gd T cells also
TABLE 1 Summary of allogeneic CAR-T products from different T cell sources.

CAR-T product Target antigen T cell source Conditions Phase Reference

KUR-502 CD19 iNKT Relapsed or refractory B-cell malignancies
Phase 1

(NCT00840853)
(57)

CD123CAR-DOTs CD123 gdT acute myeloid leukemia Preclinical (58)

ADI-002 GPC3 gdT Hepatocellular carcinoma Preclinical (59)

ADI-001 CD20 gdT B cell malignancies
Phase 1

(NCT04735471)
(60)

CTM-N2D NKG2DL gdT Advanced solid tumors or hematological malignancies
Phase1

(NCT05302037)

CD19-CAR-DNT CD19 DNT B-cell non-Hodgkin’s lymphoma
Phase1

(NCT05453669)
(61)

FT819 CD19 iPSC-derived TCRab-deficient T Relapsed or refractory B-cell malignancies
Phase1

(NCT04629729)
(62)

CNTY-102 CD19 and CD22 iPSC-derived gdT Relapsed or refractory B-cell malignancies Preclinical
f

TABLE 2 Comparation among different T cell sources.

T cell
subset

Frequency in human
peripheral blood T cells

MHC
restriction Advantages Disadvantages

abT 90%-95% YES
Highly abundance; well-established system for clinical

application
GvHD and host rejection; the

need for multiple manipulations

iNKT 0.01%-1% NO Double killing effects; lack of GvHD; better tumor localization Low frequency; host rejection

gdT 5%-10% NO
Multiple mechanisms of action; lack of GvHD; better
migration and infiltration; antigen cross-presentation

Low frequency; host rejection

DNT 1%-3% NO Multiple targeting; lack of GvHD and host rejection Low frequency

MAIT 1%-10% NO
Multiple mechanisms of action; lack of GvHD; effector

memory-like phenotype
Low frequency; host rejection;
immature expansion system
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described several established production process of high-purity

CAR-gd T from PBMC (58, 59, 78). These harvested CAR-gd T

cells were shown to kill antigen-negative tumor cells without

evidence of GvHD, indicating the ability to eliminate tumors even

after antigen loss. All these characteristics mark their potential

advantages over conventional CAR-ab T cells. Currently, several

allogeneic CAR-T cell therapies based on gd T cells (NCT04735471,

NCT05302037) are in phase 1 clinical trials for the treatment of

hematological malignancies or solid tumors (60).
3.3 CAR-double negative T cells

Double negative T (DNT) cells are a small subset of mature T cells

that comprise approximately 1%-3% of T lymphocytes in human

peripheral blood (79). Distinguished from conventional T cells and

NKT cells, DNT cells lack both CD4 and CD8 in addition to not

binding CD1d tetramers. DNT cells can recognize tumor cells through

NKG2D or DNAM-1 and exert antitumor functions through cytokines

or Fas/FasL signaling pathway (80). This MHC-independent and

multi-targeted mechanism of action allows DNT cells to not cause

GvHD and to kill tumor cells that do not express MHC molecules.

Various preclinical models demonstrate that allogeneic DNT cells can

target a range of tumor types and mediate significant cytotoxicity

without triggering GvHD and host rejection (81–84). For example,

healthy donor-derived DNT cells significantly inhibited the growth of

late-stage lung cancer xenografts in mouse models (85). A Phase 1

clinical trial (NCT03027102) using healthy donor-derived DNT cells

also validated objective responses without observed toxicity to normal

tissues in patients with acute myeloid leukemia (86). These studies all

suggest that DNT cells, which do not induce alloreactivity without

modification, have the properties to be used in allogeneic settings.

Although the frequency of DNT cells in peripheral blood is

relatively low, large-scale expansion to therapeutic levels can be

reached under GMP conditions. Briefly, CD4- and CD8-negative

PBMC are sorted and cultured in the presence of IL-2 and CD3

mAbs for 17 days, which allows the harvested DNT cells to reach an

average fold and purity of 1558 and 91.9%, respectively (82, 83). As IL-

33 has recently been reported to promote the proliferation and survival

of DNT cells in vitro (87), adding IL-33 may be an optimized strategy to

improve the current clinical expansion system for DNT cells. However,

an optimal dosage-frequency regimen for IL-33 requires further

exploration. More recently, Vasic et al. (88) generated CAR19-DNT

cells by transducing CD19-specific CAR into DNT cells. Thesemodified

cells efficiently inhibited tumor growth with no off-tumor toxicity in

mousemodels, while they were able to evade the alloreactivity ofmouse-

derived T cells. Therefore, DNT cells have met several requirements for

clinical application of allogeneic CAR-T products, including the efficacy,

lack of alloreactivity and large-scale production.
3.4 CAR-mucosal-associated
invariant T cells

Mucosal-associated invariant T (MAIT) cells are an evolutionarily

conserved, unconventional T cell subpopulation, of which approximately
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90% are phenotypically CD161+CD8+. MAIT cells have the unique

semi-constant TCR that consists of TRAV1 combined with three kinds

of TRAJ (TRAJ33, TRAJ12, TRAJ20) and a limited repertoire of b chains
in human (89). The TCR can recognize modified derivatives from

vitamin B2 synthesis pathway presented by MHC class I-related

molecule MR1 on APCs, promoting the proliferation and secretion of

cytokines, cytotoxic molecules and chemokines of MAIT in the face of

most microorganisms. Moreover, they express several NK activating

receptors, which act as a second pathway to initiate response. In

antitumor immunity, MAIT cells can kill tumor cells via TCR or NK

activating receptors, meanwhile boosting DC through upregulating

CD40L and inhibiting TAM and MDSC through binding MR1 and

NK ligand (90). MAIT cells are distributed in peripheral blood, liver,

lung and intestinal lamina propria (91). Previous studies have showed

that CD161+CD8+ MAIT cells upregulate tissue-specific chemokine

receptors like CXCL6, CCR6 and CCR9 (92), the reason that they are

highly enriched in non-lymphoid organs through tissue homing.

Besides, MAIT cells present an effector memory-like phenotype and

can produce IFN-g and granzyme B upon stimulation. Since MR1 is a

conserved molecule, MAIT cells are devoid of alloreactive potential, as

confirmed by their failure to proliferate in response to alloantigen

stimulation in vitro and to expand or participate in tissue damage

duringGvHD in vivo (93). This potential has also been proved by clinical

data showing that the number of engrafted allogeneic MAIT cells is

positively correlated with improved survival and less allogeneic adverse

events (94). All the intrinsic characteristics of MAIT cells, including

multiple targeting, memory phenotype and lack of alloreactivity, make

them candidates for allogeneic cell therapy against cancer.

As engineering immune cells with CAR is an effective measure to

enhance antitumor function, Dogan et al. (95) constructed anti-CD19

and anti-HER2 CAR-MAIT cells to evaluate their efficacy while

compared with conventional CAR-T cells. They found CAR-MAIT

cells showed similar or even higher cytotoxicity but lower

proinflammatory cytokine secretion compared with conventional

CAR-T cells in vitro assays, indicating MAIT cells may represent

safer and more effective effector cells for CAR-T cell therapy. However,

the efficacy and safety evaluation of CAR-MAIT cells in vivo and in

allogeneic settings have not been studied yet, which means more efforts

are needed to explore the allogeneic CAR-MAIT therapy. In order to

apply allogeneic CAR-MAIT cells in clinical conditions, a key issue is to

achieve efficient expansion of MAIT cells. There are two expansion

protocols for MAIT cells. The first is co-culture MAIT cells with

artificial APCs generated by immobilizing antigen-loaded MR1

tetramers and CD28 mAbs on cell-size latex beads (96). The

protocol leads to a 60-fold expansion of pure MAIT cells in 3 weeks.

Another is co-culture MAIT cells with autologous PBMC at a ratio of

1:10 in a serum replacement-supplemented medium in the presence of

IL-2, which results in a 200-fold expansion of high-purity MAIT cells

in 3 weeks (97). For better clinical application, it is worthwhile to

optimize the amplification system of MAIT cells.
4 Using pluripotent stem cells

Although the ‘off-the-shelf’ CAR-T cells have been a window of

opportunity for the generalization and productization of CAR-T
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cell therapy, there are still inevitable drawbacks in process flows.

Given the nature of T cells themselves, CAR-T cells undergo limited

expansion and gradual transition to exhausted phenotypes in

manufacturing (4), which creates the need for repeated collection

of T cells from different donors as source materials and thus leads to

heterogeneity of CAR-T products. In addition, CAR gene insertion

or gene editing at the T cell level is technically challenging and

requires complex safety assessments to prevent adverse events such

as chromosomal abnormalities and oncogenic mutations (5).

Pluripotent stem cells (PSCs) such as induced pluripotent stem

cells (iPSCs) and embryonic stem cells (ESCs) may be a better

choice of source materials to solve the problems in clinic

manufacture. In contrast to T cells that require large-scale quality

control to avoid adverse events, the successfully engineered PSCs

with security can be select easily to create a master cell bank for

downstream use (98). Besides, gene editing and CAR transduction

do not affect the properties of PSCs to proliferate indefinitely. A

qualified master CAR-PSC cell bank can provide an inexhaustible

source of starting cells, ensuring the generation of numerous

homogeneous CAR-T cell products for a large number of patients

(99). However, in vitro generation of mature T cells from PSCs that

are phenotypically and functionally similar to classical TCRab+ T

cells is a challenge to overcome.

To address this problem, Schmitt et al. (100) first proposed a

simple system of co-culture ESCs with OP9-DL1, a mouse bone

marrow stromal cell line expressing Notch ligand delta-like 1 (DL1).

Since it was previously reported that culture of ESCs on OP9

promoted the development of hematopoietic lineage and that

DL1 signaling induced differentiation of hematopoietic stem cells

into T cells (101, 102), ESCs were effectively differentiated into

functional single-positive T cells in this system. Nevertheless, the

hematopoietic progenitor cells obtained in the process were proved

to have low engraftment levels and hematopoietic chimerism in
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transplantation (103, 104), reflecting that the conditions for

hematopoietic differentiation still need refining. Therefore, several

methods were used to improve conditions for definitive

hematopoietic specification (105). For example, transcription

factor respecification, optimized procedures for co-culture with

stromal cells, and direct differentiation in a serum-free condition

with cytokines or in a cytokine-free condition were all shown to

facilitate definitive hematopoiesis (104, 106–108). Although these

improved approaches partially yield mature T cells, there still

remain a large number of T cells in precursor stage or with

innate phenotype. Two novel methods were then designed to

increase the quality of T cells in final harvests (Figure 4). One is

to culture PSCs with MS5 cells expressing Delta-like-4 (DL4) in a

3D organoid culture system, a method that is readily deployable and

technically advanced (109). The system successfully differentiated

PSCs into high proportions of mature ab T cells, which were

transcriptionally similar to naive CD8+ T cells and produced

cytokines in response to antigens. Besides, the system also

permitted the generation of highly functional CAR-T cells from

CAR-iPSCs (110), providing a platform for ‘off-the-shelf’ CAR-T

therapy. Since co-culture with stromal cells is difficult in clinical

manufacture, another method aims to generate T cells in a totally

serum-free and stroma-free system that is clinically applicable and

scalable. The approach replaced DL4-expressing stromal cells with

DL4-Fc recombinant protein, eliminating the role of stromal cells in

the culture system. More recently, some improvements to this

system have also been reported. The first is to replace plate-

bound DL4-Fc recombinant protein with mobile DL4-mbeads
(111), providing a cell suspension culture applicable for scale up

production. The second is coupling the system with histone

methyltransferase EZH1 repression (112). The final harvested EZ-

T cells showed similar molecular features to peripheral blood ab T

cells, and displayed effector and memory-like phenotypes after
FIGURE 4

Two novel differentiation systems for generation T cells from pluripotent stem cells. The above (red) briefly summarizes the flow of the 3D organoid
culture system. EMPs differentiated by PSCs are first co-cultured with DL4-expressing MS5 cells to form EMOs. After hematopoietic induction, ATOs
are then formed. Finally, T-cell differentiation is fulfilled to generate single-positive T cells. The below (blue) represents the serum-free and stroma-
free culture system. PSCs are first differentiated into EBs. CD34-positive HEs are then obtained by dissociating EBs, which later gradually differentiate
into progenitor T cells, double-positive T cells and finally mature as single-positive T cells. EMPs, embryonic mesodermal progenitor cells; EMOs,
embryonic mesodermal organoids; ATOs, artificial thymus organoids; EBs, embryoid bodies; HEs, hemogenic endothelial cells.
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activation. Besides, CAR-T cells based on EZ-T exhibited robust

antitumor activity in mouse models. In summary, mature CAR-T

cells can be efficiently generated from PSCs nowadays, greatly

facilitating the path to ‘off-the-shelf’ allogeneic CAR-T cell therapy.
5 Conclusion and perspectives

Although the elimination of GvHD and host-mediated rejection

has enabled the clinical application of allogeneic CAR-T cell therapy,

other challenges will also affect the safety and efficacy of the

treatment. The clinical applications of allogeneic CAR-abT
products are made possible by a series of technologies inhibiting

the occurrence of GvHD and host rejection, which prevent the

damage to normal tissues and rapid clearance of allogeneic CAR-T

cells in patients. However, neither gene knockout nor mRNA

silencing can achieve complete removal of TCR from cell

population (113). Additional depletion of remaining TCR+ cells is

inevitable in clinic manufacture, which largely determines efficacy

and toxicity. These complicated and time-consuming profiles limit

the function of T cells, suggesting the importance to shorten in vitro

manufacturing workflows by improving T cell culture technology or

optimizing the processes. For other T cell subsets with low frequency

and PSC-derived T cells, optimal strategies for expansion or

differentiation systems are needed to explore. For example, further

investigations of how gene networks manipulate key events in T cell

development, such as T-cell lineage specification and commitment, b
selection and positive selection, may help understand what shapes T

cell fate. By promoting or inhibiting functions of some important

genes in differentiation system, the number, phenotype and function

in final products may be profoundly affected. In addition, previous

research confirmed the importance of signals from TCR to maintain

T cell homeostasis and long-term survival in vivo (114). A clinical

study also showed limited efficiency and persistence of allogeneic

CAR-T cells relative to autologous CAR-T cells (115). This deficiency

not only affects the antitumor efficacy, but also implies the possibility

of repeated dosing and consequent lymphodepletion, putting

additional burdens on patients. Taken together, maintaining the

long-term survival of allogeneic CAR-T cells in vivo will inevitably

require the introduction of new modification strategies, such as
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modifying the CAR structure to attenuate CAR signaling or

modulating the metabolic profiles to improve the persistence of

allogeneic CAR-T cells.

Allogeneic CAR-T platform has facilitated the shift from

customization to generalization of CAR-T cell therapy in cell source,

meeting the urgent need of patients both in cell quality and delivery

time. While many hurdles remain along the way, ‘off-the-shelf’

allogeneic CAR-T cell therapy has yielded promising results so far

and has great possibilities waiting to be discovered due to their

properties in addressing the pain points of autologous CAR-T therapy.
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Ligand-based targeting of
c-kit using engineered gd T
cells as a strategy for treating
acute myeloid leukemia
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Kiran K. Parwani1,2,3, Jordan S. Alexander1,3,
Raquel F. Arthuzo1,2,3, Andrew Fedanov1,3, Bing Yu5,
David McCarty5, Harrison C. Brown5,
Shanmuganathan Chandrakasan1,3, Brian G. Petrich5,
Christopher B. Doering1,3,4 and H. Trent Spencer1,3,4*

1Department of Pediatrics, Emory University School of Medicine, Atlanta, GA, United States, 2Graduate
Division of Biological and Biomedical Sciences, Laney Graduate School, Emory University, Atlanta,
GA, United States, 3Aflac Cancer and Blood Disorders Center, Children’s Healthcare of Atlanta,
Atlanta, GA, United States, 4Molecular Systems Pharmacology Program, Graduate Division of
Biological and Biomedical Sciences, Laney Graduate School, Emory University, Atlanta, GA, United
States, 5Expression Therapeutics, Inc., Tucker, GA, United States
The application of immunotherapies such as chimeric antigen receptor (CAR) T

therapy or bi-specific T cell engager (BiTE) therapy to manage myeloid

malignancies has proven more challenging than for B-cell malignancies. This is

attributed to a shortage of leukemia-specific cell-surface antigens that

distinguish healthy from malignant myeloid populations, and the inability to

manage myeloid depletion unlike B-cell aplasia. Therefore, the development of

targeted therapeutics for myeloid malignancies, such as acute myeloid leukemia

(AML), requires new approaches. Herein, we developed a ligand-based CAR and

secreted bi-specific T cell engager (sBite) to target c-kit using its cognate ligand,

stem cell factor (SCF). c-kit is highly expressed on AML blasts and correlates with

resistance to chemotherapy and poor prognosis, making it an ideal candidate for

which to develop targeted therapeutics. We utilize gd T cells as a cytotoxic

alternative to ab T cells and a transient transfection system as both a safety

precaution and switch to remove alloreactive modified cells that may hinder

successful transplant. Additionally, the use of gd T cells permits its use as an

allogeneic, off-the-shelf therapeutic. To this end, we showmSCF CAR- and hSCF

sBite-modified gd T cells are proficient in killing c-kit+ AML cell lines and sca-1+

murine bone marrow cells in vitro. In vivo, hSCF sBite-modified gd T cells

moderately extend survival of NSG mice engrafted with disseminated AML, but

therapeutic efficacy is limited by lack of gd T-cell homing to murine bone

marrow. Together, these data demonstrate preclinical efficacy and support

further investigation of SCF-based gd T-cell therapeutics for the treatment of

myeloid malignancies.

KEYWORDS

acute myeloid leukemia (AML), gamma delta (gd) T cells, ligand-based therapeutics,
chimeric antigen receptor (CAR), secreted bispecific T cell engager, stem cell factor
(SCF), c-kit (CD117)
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1 Introduction

Adoptive cell therapy (ACT), such as chimeric antigen receptor

(CAR) T therapy, has significantly advanced the treatment of B cell

malignancies, leading to the FDA approval of multiple cellular

products (1–6). However, ACT for other leukemias, like acute

myeloid leukemia (AML), do not share the same success. Current

treatment regimens for AML consist of genotoxic chemotherapeutics

(7) that have severe toxicities in the bone marrow (8), with

approximately 30% of children relapsing (9–12). This leads to a

drop in survival from 70% to a mere 20% (9, 13), highlighting the

need for new treatment options.

Unfortunately, there are a lack of known leukemia-specific, cell-

surface antigens that distinguish healthy from malignant myeloid

cells (14). This makes the translation of traditional cell-based

immunotherapies with long-term persistence challenging in this

setting, as myeloid depletion cannot be managed like B-cell aplasia.

However, as hematopoietic stem cell transplantation (HSCT) is

considered curative for AML, it may be important to take advantage

of novel therapeutics that display off-tumor toxicities in the

hematopoietic compartment that can be corrected with HSCT. In

fact, toxicity within the bone marrow may prove advantageous to

dually prepare the patient for transplant and target residual

disease congruently.

We have developed receptor-directed, ligand-based ACT to

target malignant myeloid tissue through interaction with c-kit

using its cognate ligand, stem cell factor (SCF). Up to 90% of

AML patients have c-kit expression correlating with poor prognosis

and resistance to chemotherapy (15, 16), making this receptor an

attractive target for malignant myeloid cell and leukemic stem cell

(LSC) ablation. In fact, we (17) and others (18–22) have shown the

continued use of c-kit as a target for non-genotoxic conditioning

due to its expression on hematopoietic stem cells (HSCs). These

therapies have proven safe for use in preclinical murine models with

toxicities only observed within the hematopoietic compartment

(17) despite limited c-kit expression on some organs outside of

the hematopoietic compartment, like the cerebellum, female

reproductive organs, and lungs. Clinically, c-kit is the target of

monoclonal antibody briquilimab, which has shown promise in

treating patients with AML and myelodysplastic syndromes (MDS)

in a Phase 1 clinical trial (NCT04429191), Fanconi anemia in a

Phase 1/2 clinical trial (NCT04784052), severe combined

immunodeficiency (SCID) in a Phase 1/2 clinical trial

(NCT02963064), and sickle cell disease in a Phase 1/2 clinical

trial (NCT05357482) with no treatment-related adverse events in

130 dosed subjects as of late September 2023 (23, 24).

Herein, we utilize ligand-based, c-kit-directed, CAR- and

secreted bispecific T-cell engager (sBite)-modified T cells as a

therapeutic for the treatment of AML. Traditionally, CARs and

bispecific antibodies are designed with single chain variable

fragments (scFvs) as their antigen-binding domains that

specifically redirect T cells to kill cancer cells without the need for

antigen processing and presentation by the human leukocyte

antigen (HLA) (25). However, these designs are not without

flaws. Primarily, scFv molecules are prone to aggregation and

produce higher order complexes through intermolecular variable
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heavy (VH) and variable light (VL) association, resulting in tonic

signaling and thereby lower therapeutic efficacy (26–28). Our

proposed ligand-based design circumvents these issues.

Furthermore, we employ CAR- and sBite-modified gd T cells as

a cytotoxic alternative to ab T cells. gd T cells contribute to graft-

versus-leukemia (GvL) reactions to enhance cancer eradication

through the recognition of stress antigens expressed by leukemia

cells (29–31). Additionally, as gd T cells recognize antigen

independent of HLA, they can be transplanted across HLA

barriers in the presence of immunosuppression, thus creating

opportunity for an off-the-shelf therapeutic. Importantly, we (31–

36) and others (37) have optimized the use of gd T cells and can

expand these cells ex vivo using a novel serum-free protocol

resulting in a cellular product of highly purified Vg9Vd2 T cells

with low percentages of NK cells and negligible ab T cell

contamination. The chemokine receptor expression and

exhaustion profiles of these cells have been reported (35, 38)., in

addition to the phenotype of the contaminating NK cells within our

cellular product (38).

These studies establish a ligand-based cell therapy strategy

using engineered gd T cells as a cytotoxic alternative to traditional

ACT for the treatment of AML. Non-modified allogeneic gd T cells

expanded under our Good Manufacturing Practice (GMP)-

compliant serum-free protocol are currently under clinical

investigation in a Phase 1 trial for the treatment of relapsed/

refractory neuroblastoma (NCT05400603). In the context of

myeloid malignancies, we have previously demonstrated non-

modified gd T cells have enhanced cytotoxicity against AML cell

lines in combination with chemotherapeutic agents that upregulate

stress antigens expressed by AML cells (31). More recently, we

showed our efforts in optimizing and utilizing expanded gd T cells

transiently transfected with mRNA encoding a CD19 CAR for the

treatment of B-cell malignancies (39). Here, we expand our

repertoire by investigating the transient modification of gd T cells

using a ligand-based CAR and sBite. These studies provide the basis

for further investigation into the use of ligand-based gd T

cell therapies.
2 Materials and methods

2.1 c-kit and NKG2D ligand expression on
healthy donor and patient samples

The St. Jude Cloud (pecan.stjude.cloud) was queried for c-kit

expression using transcriptomic data from 2,480 pediatric patients

(40, 41). The Human Protein Atlas (v22.proteinatlas.org) was

queried for c-kit expression in healthy tissues and cell lines by

RNA sequencing (42). The R2 Genomics Analysis and Visualization

Platform (https://r2.amc.nl) was used to query multiple datasets

using the Megasampler R2 module for expression of c-kit, ULBP1,

ULBP2, and MICA/MICB by RNA sequencing. The u133a chip

with MAS5.0 normalization was used exclusively. Datasets utilized

in this study were as follows: PBMC (Novershtern, 211 samples),

HSC (OGIC, 21 samples), and AML (Bohlander, 422 samples and

Delwel, 293 samples).
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2.2 Cell lines

The NOMO-1, Kasumi-1, KG-1, and MOLM-13 cell lines were

kindly gifted by the laboratory of Dr. Douglas Graham (Emory

University, Atlanta, GA, USA). The CMK cell line was kindly

provided by the laboratory of Dr. Brian Petrich (Emory

University, Atlanta, GA, USA). The Jurkat, K562, and 697 cell

lines were obtained from the American Type Culture Collection

(Manassas, VA, USA). NOMO-1, K562, 697, KG-1, and Jurkat cells

were cultured in RPMI-1640 with L-glutamine (Corning CellGro,

Manassas, VA, USA) supplemented with 10% fetal bovine serum

(FBS; R&D Systems, Minneapolis, MN, USA) and 1% Penicillin-

Streptomycin (Cytiva, Marlborough, MA, USA). The CMK,

Kasumi-1, and MOLM-13 cell lines were cultured under the same

conditions using 20% FBS.
2.3 Design and cloning of mSCF CAR and
hSCF sBite

mSCF CAR and hSCF sBite DNA sequences were cloned into

vectors containing the necessary components for mRNA or

lentiviral production as follows:

To clone the mSCF CAR, the full-length DNA sequence for

secreted murine SCF obtained from UniProt (uniprot.org) (43) was

ordered as a gene fragment product flanked by AscI and NheI

restriction enzyme sites or BamHI and NotI restriction enzyme sites

(Integrated DNA Technologies, Coralville, IA, USA). The gene

fragment product was cloned into a recipient plasmid with paired

AscI and NheI or BamHI and NotI sites upstream of the CD8a,
CD28, and CD3z CAR components using corresponding restriction

enzymes AscI and NheI or BamHI and NotI (New England

BioLabs, Ipswich, MA, USA) behind a UBC or T7 promoter. The

DNA construct was codon optimized for expression in T cells by

Expression Therapeutics (Tucker, GA, USA) using Expression

Cassette Optimization (eCO) technology and confirmed by

Sanger sequencing (Genewiz, Burlington, MA, USA).

To clone the hSCF sBite, the coding sequence of secreted

isoform of human SCF was obtained from GenBank (M59964.1).

The sequence of the SCF signal peptide through mature core

fragment was identified as bases 1- 426 of the native cDNA

sequence. To generate the sBite, this fragment was combined with

a G4S linker and CD3 scFv derived from clone OKT3. The sequence

was then codon optimized for expression in gd T cells by Expression

Therapeutics (Tucker, GA, USA) using Expression Cassette

Optimization (eCO) technology. The optimized sequence was

then synthesized and cloned into a pcDNA3.1-based plasmid

using seamless ligation technology by Genscript (Piscataway, NJ,

USA) behind a T7 promoter.
2.4 Production of mSCF CAR and hSCF
sBite mRNA

The mMessage mMachine T7 Transcription kit (Thermo Fisher

Scientific, Waltham, MA, USA) was used to produce mSCF CAR
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mRNA after linearization with restriction enzyme XhoI, whose

restriction site cuts directly after the CD3z sequence.

The HiScribe T7 mRNA kit with CleanCap Reagent AG

Plasmid (New England BioLabs, Ipswich, MA, USA) was used to

produce hSCF sBite Cap-1 mRNA after linearization with NotI.

Poly(a) tailing was subsequently performed using E. coli poly(a)

polymerase (New England BioLabs, Ipswich, MA, USA).

RNA gel electrophoresis was used to confirm efficient poly-A

tail extension and quality of mRNA products.
2.5 Production of mSCF CAR and CD19
CAR lentiviral vectors

High-titer, recombinant, self-inactivating HIV lentiviral vectors

were produced and titered as previously described (44–46). Briefly,

HEK-293T cells were transiently transfected with packaging

plasmids encoding Gag-Pol, Rev, VSVG envelope, and the CAR

transgene plasmid using calcium phosphate (Sigma Aldrich, St.

Loius, MO, USA). Cells were cultured in DMEM (Thermo Fisher

Scientific, Waltham, MA, USA) supplemented with 10% FBS and

supernatant was collected for 3 days beginning 48 hours after

transfection. Supernatants were passed through a 0.45-μm filter,

pooled, and concentrated by overnight centrifugation at 10,000 × g

at 4°C. The following morning, viral particles were passed through a

0.22-μm filter and stored at -80°C. Titers were determined using

quantitative real-time PCR analysis on HEK-293T cell

genomic DNA.
2.6 Expansion and modification of primary
ab T cells

Peripheral blood from healthy adult volunteers were obtained

under an IRB approved protocol (IRB00101797) through the Emory

University Children’s Clinical and Translational Discovery Core

(CCTDC), after which peripheral blood mononuclear cells

(PBMCs) were isolated using a Ficoll-Plaque PLUS density

gradient (GE HealthCare, Chicago, IL, USA) and cryopreserved.

Alternatively, cryopreserved PBMCs were procured from AllCells

(Alameda, CA, USA). T cells were negatively selected from thawed

PBMCs using the EasySep Human T cell Isolation Kit (Stemcell

Technologies, Vancouver, BC, CA) and stimulated with anti-CD3/

CD28 Human T-Activator Dynabeads (Thermo Fisher Scientific,

Waltham, MA, USA) at a 1:1 bead-to-cell ratio in X-VIVO 15

(Lonza, Basel, Switzerland) supplemented with 10% FBS, 1%

penicillin-streptomycin, 100 IU/mL human IL-2 (PeproTech,

Rocky Hill, NJ, USA), and 5 ng/mL human IL-7 (PeproTech,

Rocky Hill, NJ, USA) at 2 × 106 cells/mL. After 48 hours of

stimulation, beads were removed and 1 × 106 cells were

transduced at MOI 20 with 10 mg/mL polybrene (EMD Millipore,

Billerica, MA, USA) for 18 hours. MOI was determined using the

following calculation:

MOI =
titer  �   volume   (mL)

#   of   cells
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After 18 hours, cells were resuspended in fresh media and

underwent an early cell dilution of ~100,000 cells/mL, then left to

expand for 96 hours before CAR expression was determined and

used in cytotoxicity assays or animal studies.
2.7 Expansion and transfection of primary
gd T cells

Peripheral blood from healthy consenting volunteers (30-40

mL) was obtained as previously mentioned (under the Expansion

and modification of primary ab T cells section) through the

CCTDC or fresh leukopaks were procured from the American

Red Cross. From either source, PBMCs were isolated using a Ficoll-

Plaque PLUS density gradient and cultured in OpTmizer serum-

free media (Thermo Fisher Scientific, Waltham, MA, USA)

supplemented with 2 mM L-glutamine, 1% penicillin-

streptomycin, 500-1000 IU/mL human IL-2, and 5 μM zoledronic

acid (Sigma-Aldrich, St. Louis, MO, USA) using our previously

published Good Manufacturing Practice-compliant 12-day

expansion protocol (31, 33, 35). Expanded gd T cells were

cryopreserved in 5% human serum albumin (HSA; Grifols,

Barcelona, Spain) and 10% dimethylsulfoxide (DMSO; Sigma-

Aldrich, St. Louis, MO, USA) diluted in PlasmaLyte A (Baxter

International Inc. Deerfield, IL, USA) in 1 × 107 – 1 × 108

cell aliquots.

Cryopreserved gd T cells were thawed in three volumes of 5%

HSA diluted in PlasmaLyte A and centrifuged at 250 × g for 10

minutes. Cells were resuspended in OpTmizer serum-free media

supplemented with 2 mM L-glutamine, 1% penicillin-streptomycin,

and 1000 IU/mL of human IL-2 and rested for 2 hours at 37°C, 5%

CO2. Rested gd T cells (5-25 × 106 cells) were then transiently

transfected to express an mSCF CAR or hSCF sBite through mRNA

electroporation by first washing the cells three times with PBS and

spinning at 250 × g for 10 minutes, then resuspending in Opti-

MEM (ThermoFisher Scientific, Waltham, MA, USA) with 15 mg of
purified mRNA or equal volume vehicle control for mock

transfection. Cells were then electroporated using a square wave

function at 500 V for 5 ms in a 4 mm electroporation cuvette (Fisher

Scientific, Hampton, NH, USA) using the GenePulser Xcell

Electroporation System (Bio-Rad Laboratories, Hercules, CA,

USA). Modified gd T cells were used 24 hours after

electroporation for in vitro studies and 1-4 hours after

electroporation for in vivo studies.
2.8 Measuring CAR expression
by western blotting

mSCF CAR-modified cells were lysed with RIPA buffer (Sigma-

Aldrich, St. Louis, MO, USA) supplemented with Protease Inhibitor

Cocktail diluted 1:100 (Sigma-Aldrich, St. Louis, MO, USA) and

PMSF protease inhibitor diluted 1:100 (ThermoFisher Scientific,

Waltham, MA, USA) for 30 minutes on ice, after which cell lysates

were clarified by centrifugation at 14,000 × g at 4°C for 10 minutes.

The supernatant was collected as a whole cell lysate. Protein
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concentrate was quantified using a Bradford Assay (Bio-Rad

Laboratories, Hercules, CA, USA). 20-40 mg of protein was first

heated at 100°C for 10 minutes, then loaded into a 4-15% pre-cast

gel (Bio-Rad Laboratories, Hercules, CA, USA) with Precision Plus

Protein Dual Color Standards (Bio-Rad Laboratories, Hercules, CA,

USA) and separated by SDS-PAGE. Protein was transferred to a

nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA,

USA) at 250 constant Amps for 60 minutes and then washed in

TBS containing 0.1% Tween-20 prior to incubation with a mouse

anti-human CD3z primary antibody diluted 1:1000 (BioLegend,

San Diego, CA, USA) and goat anti-mouse HRP secondary

antibody diluted 1:500 (BioLegend, San Diego, CA, USA). Blots

were then imaged by chemiluminescence with a Bio-Rad ChemiDoc

XR+ Molecular Imager.
2.9 Measuring CAR expression
by flow cytometry

Jurkat or primary CAR T cells were stained with 20 ng of

Recombinant Mouse c-kit Fc Chimera Protein (R&D Systems,

Minneapolis, MN, USA) or 20 ng of Recombinant Human c-kit

Fc Chimera Protein (R&D Systems, Minneapolis, MN, USA) and

incubated on ice for 30 minutes. Cells were washed once with FACS

buffer (PBS + 2.5% FBS), then stained with 2 mL R-Phycoerythrin F

(ab’)2 secondary antibody (Jackson ImmunoResearch, West Grove,

PA, USA) and eBioscience Fixable Viability Dye eFluor 780

(Thermo Fisher Scientific, Waltham, MA, USA) to exclude dead

cells and incubated on ice for 15 minutes. Cells were then washed

once with FACS buffer, then subjected to flow cytometry (Cytek

Aurora) and analyzed with FlowJo software (v10).
2.10 In vitro cytotoxicity assays

To assess the cytotoxicity of mSCF CAR- or hSCF sBite-T cells

against AML cell lines, unmodified or modified primary T cells were

co-cultured with 50,000 target cells (CMK or Kasumi-1) stained

with VPD450 (BD, Franklin Lakes, NJ, USA) at indicated effector-

to-target ratios for 4-24 hours at 37°C, 5% CO2. Co-cultures were

then washed once with Annexin V Binding Buffer (0.025 mM

calcium chloride + 1.4 mM sodium chloride + 0.1 mM HEPES) and

stained with 3 mL Annexin V-APC (BioLegend, San Diego, CA,

USA) for 20 minutes at room temperature. Cells were then washed

once with Annexin V Binding Buffer. 7-AAD Viability Dye

(BioLegend, San Diego, CA, USA) was added 2 minutes before

the sample was subjected to flow cytometric analysis (Cytek

Aurora). Samples were analyzed with FlowJo software (v10),

where percent cytotoxicity was measured by the sum of Annexin

V+, 7-AAD+, and Annexin-V+/7-AAD+ target cells.
2.11 In vitro activation assays

Jurkat or primary CAR T cells were co-cultured with VPD450

(BD, Franklin Lakes, NJ, USA) stained target cells (CMK, Kasumi-1,
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Nomo-1, or 697) at indicated effector-to-target ratios for 4 hours at

37°C, 5% CO2. Co-cultures were then washed once with FACS buffer

and stained with 3 mL anti-CD69-APC-Cy7 antibody (BD, Franklin

Lakes, NJ, USA) for 20 minutes at 4°C. After staining, cells were

washed once with FACS buffer, then subjected to flow cytometry

(Cytek Aurora) and analyzed with FlowJo software (v10). Dead cells

were excluded from the analysis using 3 mL of 7-AAD Viability Dye

added 2 minutes before analysis on the cytometer.
2.12 Colony forming unit assay

For each bone marrow sample, 0.8-8 × 104 cells isolated from

mouse femurs by flushing were first resuspended in RPMI 1640

supplemented with 10% FBS and 1% penicillin-streptomycin.

Resuspended cells were then added to 4 mL Methocult GF M3434

(Stemcell Technologies, Vancouver, BC, CA) and plated on sterile

35 mm plates in triplicate. Plates were incubated at 37°C 5% CO2 for

7 days, then colonies were counted under a microscope.
2.13 Animal studies

NOD.Cg-PrkdcscidIl2rgtw1Wjl/SzJ (NSG) mice were purchased

from Jackson Laboratories (Bar Harbor, ME, USA) and maintained

in a pathogen-free environment at an Emory University Division of

Animal Resources facility. All animal studies were conducted in

accordance with established policies set forth by the Emory

University Institutional Animal Care and Use Committee (IACUC)

under an approved animal use protocol (PROTO201800202). Equal

numbers of male and female mice were used for all studies.

To determine the toxicity of mSCF CAR-modified ab T cells, 8-

week-old NSG mice were first preconditioned with 100 rads of x-ray

irradiation (Rad Source Technologies, RS 2000 Small Animal Irradiator,

Buford, GA, USA) then administered 5 × 106 luciferase-modified CMK

cells by intravenous injection into the lateral tail-vein the following

morning. The followingday,micewere either treatedwith 5× 106mock-

transducedabT cells (n = 6) ormSCF CAR-modifiedabT cells (n = 6,

transduction efficiency:<8%) via tail-vein injection, with PBS

administered as an untreated control (n = 3). Peripheral blood was

collected at 3 weeks to assess for tumor burden and CAR T-cell

engraftment. Mice were euthanized when end-point criteria were met,

which includes changes in weight, scruff, movement, and hunched state.

To examine the persistence of gd T cells in mice, 7-13-week-old

NSG mice were administered 1 × 107 non-modified gd T cells via

retro-orbital injection. In an effort to enhance persistence, mice

were either treated with vehicle control (n = 6), 13,000 IU IL-2 twice

a week via intraperitoneal injection (n = 6), or a combination of

13,000 IU IL-2 twice a week via intraperitoneal injection and 70 mg/
kg zoledronic acid (NorthStar Rx, Memphis, TN, USA) via

subcutaneous injection (n = 6). Once a day for 4 days, peripheral

blood was collected, and leukocytes were assessed for the presence

of human CD45+ cells by flow cytometric analysis (Cytek Aurora)

and analyzed with FlowJo software (v10). On day 4, mice were

euthanized, and spleens and bone marrow were harvested to assess

for the presence of human CD45+ cells as before.
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To examine the toxicity of mSCF CAR-modified gd T cells in

mice, 8-12-week-old NSG mice were anesthetized and administered

2-8 × 106 mock transfected gd T cells (n = 4) or mSCF CAR-modified

gd T cells (n = 4), with PBS as an untreated control (n = 3) via

intraosseous injection in the left femur. Mice were given 5 mg/kg

meloxicam (Baudax Bio, Malvern, PA, USA) via subcutaneous

injection immediately after the intraosseous injection as an

analgesic. After 2 days, mice were euthanized and peripheral blood,

spleens, and bone marrow from both the left and the right femur were

harvested to assess for the presence of human CD3+ human gdTCR+

cells and murine c-kit+ cells by flow cytometry (Cytek Aurora). Data

was analyzed using the FlowJo software (v10). At this time, a CFU

assay was performed to assess for multipotent progenitor cells. The

left and the right femurs from each mouse were kept as separate

samples in the flow and CFU assays in this experiment.

To assess the cytotoxicity of mSCF CAR- and hSCF sBite-modified

gd T cells in an AML model, 5–9-week-old NSG mice were first

preconditioned with 20 mg/kg busulfan (DSM Pharmaceuticals, Inc.,

Greenville, NC, USA) via intraperitoneal injection, then administered

5 × 106 luciferase-modified CMK cells via tail-vein injection the

following morning. Beginning in the afternoon on the same day and

then once daily for the following 3 days for a total of 4 doses, mice were

treated with 1 × 107 mock transfected gd T cells (n = 6), mSCF CAR-

modified gd T cells (n = 3), or hSCF sBite-modified gd T cells (n = 6) by

intravenous injection into the lateral tail-vein, with PBS to serve as an

untreated control (n = 8). Tumor growth and overall health of the mice

were monitored two times per week IVIS (In vivo Imaging System,

Perkin Elmer, Waltham, MA, USA) imaging and weighing,

respectively. Freshly made D-luciferin (PerkinElmer, Waltham, MA,

USA) was injected at 150 mg/kg via intraperitoneal injection 10

minutes prior to imaging. Bioluminescence was quantified using

Living Image Software (PerkinElmer, Waltham, MA, USA) or Aura

Software (Spectral Instruments Imaging, Tucson, AZ, USA). Peripheral

blood was collected at 3 weeks to assess for c-kit expression on CD33+

AML cells and to perform complete blood counts. Mice were

euthanized when end-point criteria were met, which includes

changes in weight, scruff, movement, and hunched state.
2.14 Statistical analysis

All statistical analyses were performed using Prism 8 software

(GraphPad Software Inc). Results are presented as mean ± standard

deviation of the mean and were considered statistically significant at

P< 0.05. Unpaired or paired two-tailed Student’s t-test, one-way

ANOVA, or log-rank (Mantel-Cox) test were used to determine

statistical significance as appropriate.
3 Results

3.1 c-kit is highly expressed on pediatric
AML and healthy HSCs

We first sought to determine c-kit expression on healthy tissues.

The Human Protein Atlas (proteinatlas.org) demonstrates
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undetectable c-kit expression in most adult human organs by

immunohistochemistry (IHC). Exceptions to this include high

protein expression in the cerebellum, medium protein expression in

the female reproductive organs (breast, fallopian tubes, and ovary),

lung, skin, and testis, and low protein expression in the kidney, colon,

and rectum. Data from the St. Jude Cloud (pecan.stjude.cloud) show

many pediatric malignancies have high c-kit expression, with AML as

the highest (Figure 1A). High expression of c-kit is corroborated in

adult AML samples taken at time of diagnosis, with expression

significantly higher than normal PBMCs yet comparable to HSCs

(Figure 1B). To validate these findings, we confirmed c-kit expression

on eight specific leukemia cell lines (proteinatlas.org) (Figure 1C) and

by flow cytometry (Figure 1D). Four of five AML cell lines tested (AML

cell lines denoted by arrows in Figure 1C) demonstrate high c-kit

expression compared to three healthy donor PBMCs (Figure 1D).
3.2 mSCF CAR ab T cells induce AML cell
death in vitro

To this end, we generated a ligand-based c-kit directed CAR

(mSCF CAR) by lentiviral gene delivery. The CAR construct
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includes full-length murine SCF followed by a CD8a hinge, CD28

co-stimulatory domain, and CD3z signaling domain (Figure 2A).

We chose to use the murine sequence for SCF as it binds both the

human and murine c-kit receptor (47), making it possible to

evaluate both cancer eradication and off-tumor toxicities in a

murine model.

The first transgene tested included a bicistronic lentiviral vector

encoding for dual expression of eGFP by a P2A ribosomal skipping

sequence as a transduction marker (Figure 2A). Binding of the

murine c-kit receptor to the mSCF CAR can be determined using a

murine c-kit receptor conjugated to a constant fragment (Fc; c-kit-

Fc) (Figure S1A). Jurkat T cells were used to evaluate CAR protein

expression, ability to bind the human c-kit receptor, and AML

specificity, with antigen-irrelevant CD19 CAR as a control. Jurkat T

cells transduced with mSCF CAR at multiplicities of infection

(MOIs) 0.5 and 2.5 resulted in 18% ± 0.4% and 49% ± 0.3%

GFP+ cells respectively, while cells transduced with the control

CD19 CAR resulted in 57% ± 0.2% and 92% ± 0.1% GFP+ cells,

respectively (Figure 2B). Importantly, binding of the c-kit-Fc to

mSCF CAR-modified Jurkat T cells results in CD69 upregulation

and subsequent activation increasing with increasing MOIs, but not

in CD19 CAR-modified Jurkat T cells (Figure 2C). Interestingly,
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FIGURE 1

c-kit expression on AML. (A) c-kit expression as fragments per kilobase per million (FPKM) on pediatric cancers from the St. Jude Cloud
(pecan.stjude.cloud). Error bars represent SD. (B) c-kit mRNA expression across one normal PBMC dataset, one normal HSC dataset, and two AML
datasets from R2: Genomics Analysis and Visualization Platform (https://r2.amc.nl). Error bars represent SD. Statistical analysis represents One-Way
ANOVA (****p< 0.0001; ns, p > 0.05). (C) c-kit expression as nTPM on select leukemia cell lines from the Human Protein Atlas (v22.proteinatlas.org).
Arrow denotes AML cell line. (D) Histograms depicting c-kit expression in healthy donor PBMCs (n = 3) and select leukemia cell lines in (C).
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FIGURE 2

Design of novel ligand-based mSCF CAR and modification of ab T cells. (A) Schematic of lentiviral GFP mSCF CAR DNA construct. (B) Transduction
efficiency as depicted by %GFP+ live Jurkat T cells. Error bars represent SD. n = 3 experimental replicates. (C) Activation of live mSCF CAR- or CD19
CAR-modified Jurkat T cells as depicted by %CD69+ when stained with 20 ng murine c-kit-Fc chimera. Error bars represent SD. n = 1-3
experimental replicates. (D) %CD69 activation of live mSCF CAR- or CD19 CAR-modified GFP+ Jurkat T cells when co-cultured with 4 different
leukemia cell lines at 4 different effector-to-target (E:T) ratios. Error bars represent SD. n = 2 experimental replicates. (E) %CD69 activation of live
un-modified GFP- Jurkat T cells under the same conditions as (D). Error bars represent SD. n = 2 experimental replicates. (F) c-kit MFI of 4 leukemia
cell lines when co-cultured with mSCF CAR- or CD19 CAR-modified Jurkat T cells under the same conditions as (D). Error bars represent SD. n = 2
experimental replicates. (G) Schematic of lentiviral mSCF CAR DNA construct without GFP marker. (H) Representative flow plots depicting mSCF
CAR expression on primary T cells transduced at MOI 20 when stained with 20 ng of murine or human c-kit-Fc chimera. (I) Western blot depicting
CAR expression from whole cell lysates of primary T cells transduced with mSCF CAR at MOI 20. Western blot antibody against human CD3z.
(J) Four- and 24-hour flow cytometry cytotoxicity assays of mSCF CAR-modified primary T cells against c-kit expressing AML cell line CMK
compared to mock T cell controls. Percent cytotoxicity is the sum of 7AAD+, Annexin V+, and 7AAD+ Annexin V+ cells when gated on VPD450-
stained target cells only. Error bars represent SD. n = 2 experimental replicates with 1 donor.
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this increase in activation is only seen when both c-kit-Fc and

secondary F(ab’)2 are used (Figure S2B), suggesting multiple

binding domains of the secondary F(ab’)2 may potentially induce

CD3z cross-linking among CAR molecules (Figure S1C), though

further evidence is required.

To assess interaction of the mSCF CAR with human c-kit and the

ability to activate Jurkat T cells, mSCF CAR Jurkat T cells were co-

cultured with c-kit+ human cell lines Kasumi-1, CMK, and Nomo-1

at various effector-to-target (E:T) ratios, with the B-cell leukemia cell

line 697 as an antigen-negative control, as it does not express c-kit.

CD19 CAR Jurkat T cells were used as an antigen-irrelevant control

for co-cultures with c-kit+ cell lines, as they do not express CD19, and

a positive control when co-cultured with 697 cells, as 697 cells do

express CD19. Indeed, transduced (GFP+) Jurkat T cells resulted in

increased CD69+ activation when co-cultured with their antigen-

matched target cells (Figure 2D), while un-transduced (GFP-) Jurkat

T cells do not exhibit increased CD69+ activation (Figure 2E).

Furthermore, it is known that interaction of SCF with the c-kit

receptor causes receptor internalization (48). Indeed, co-culture of

mSCF CAR Jurkat T cells with c-kit+ cell lines resulted in decreased c-

kit MFI, while MFI remain unchanged when target cells were co-

cultured with CD19 CAR Jurkat T cells (Figure 2F).

As a ligand-based therapeutic, it is important to consider the

consequences of CAR shedding, as additional SCF in circulation

may promote cancer cell proliferation (48). To assess CAR

shedding, c-kit+ AML cell lines CMK and Kasumi-1 were

incubated with media from mSCF CAR ab T cells or CD19 CAR

ab T cells, with mock ab T cells as a control. As a positive control,

cell lines were incubated with T cell media supplemented with

recombinant murine SCF to induce receptor internalization. After a

15-minute incubation, there is no evidence of receptor

internalization when cells were incubated with mSCF CAR media,

suggesting the mSCF CAR is not shed from the surface of the cell at

levels sufficient to influence surface c-kit levels (Figure S2).

To investigate the mSCF CAR in a more clinically relevant

setting, we tested a second lentiviral mSCF CAR transgene cassette

that had eGFP removed in primary ab T cells (Figure 2G). Primary

ab T cells were transduced at MOI 20, after which binding of mSCF

CAR ab T cells to both murine and human c-kit-Fc was confirmed

by flow cytometry (Figure 2H) and overall protein expression was

confirmed by western blotting against CD3z (Figure 2I). To assess

cytotoxicity, mSCF CAR ab T cells were co-cultured with c-kit+

CMK cells at increasing E:T ratios for 4- or 24-hours and showed

increased cytotoxicity compared to mock ab T controls (Figure 2J).

Specifically, after 24-hours of co-culture, mSCF CAR ab T cells

induced cytotoxicity to an average of 37% at a 1:2, 48% at a 1:1, 57%

at a 2:1, and 86% at a 5:1 E:T ratio. Together, these data show mSCF

CAR T cells induce efficient and c-kit-specific killing of c-kit+ AML

cell lines in vitro.
3.3 mSCF CAR ab T cells expand in vivo in
the absence of AML

To identify possible toxicities of mSCF CAR ab T cells in vivo,

NOD.Cg-PrkdcscidIl2rgtw1Wjl/SzJ (NSG) mice were administered
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5 × 106 total mSCF CAR-modified ab T cells by tail-vein

injection. To assess clonal expansion of the CAR+ population in

vivo, ab T cells were transduced at low MOIs, providing

approximately 8% CAR+ cells (Figure 3A). Six weeks after

administration of T cells, mice were sacrificed to assess clonal

expansion of CAR+ cells in the peripheral blood, spleen, and bone

marrow compartments by flow cytometry. Significantly more CAR+

ab T cells were found in the bone marrow (26% ± 6%) than in the

peripheral blood (5% ± 1%) (Figure 3B), with the percentage of

CAR+ cells found in the peripheral blood closely resembling percent

CAR+ cells injected at the beginning of the study.

To test clonal expansion in the presence of AML cells, NSG

mice were first subjected to 100 rads of x-ray irradiation, then

inoculated with 5 × 106 luciferase-modified CMK cells by tail-vein

injection. The following day, mice were intravenously injected with

one dose of 5 × 106 total mock or mSCF CAR ab T cells (8% CAR+).

Three weeks later, circulating human CD3+ T cells were

significantly higher in mSCF CAR ab T-cell treated mice (48% ±

26%) compared to mock ab T-cell treated mice (18% ± 18%)

(Figure 3C). No expansion of CAR+ cells was observed in the

periphery, as only 7% ± 3% CAR+ cells were found in circulation

three-weeks after injection, resembling the percentage of CAR+ cells

in the injected product (Figure 3D).

CD33+ AML burden in the periphery was significantly

decreased in mSCF CAR-treated mice (0.2% ± 0.2%) compared to

untreated controls (2% ± 0.5%) three-weeks after treatment, though

not significantly different than mock ab T-cell treated mice (0.2% ±

0.2%) (Figure 3E). However, despite a lack of difference in AML

burden in the periphery between treatment groups, mSCF CAR ab
T cell treated mice met endpoint criteria significantly sooner than

untreated or mock ab T treated mice, suggesting greater toxicity in

vivo despite low CAR transduction (Figure S3).

Though we did not observe clonal expansion of CAR+ ab T cells

in the periphery of AML bearing mice, we hypothesized there could

be clonal expansion in other hematopoietic organs with high c-kit

expression, such as the bone marrow. Despite promising in vitro

data, we determined that mSCF CAR-modified ab T cells induced

excessive toxicity in vivo even at low modification efficiency. Thus,

we sought additional safety modifications in our design.
3.4 c-kit-targeting gd T cells induce AML
cell death in vitro

gd T cells have an innate ability to recognize stress antigens

through NKG2D expression (49). NKG2D ligands—MICA/MICB

and ULBP1-6—interact with NKG2D on gd T cells and activate

innate killing mechanisms (50). Primary AML samples taken at

time of diagnosis from two different datasets express significantly

higher transcript levels of NKG2D ligands MICA/MICB, ULBP1,

and ULBP2 compared to healthy PBMC control (Figures 4A–C).

These results were corroborated with cell surface expression on

AML cell lines as measured by flow cytometry (Figures 4D–F).

To test c-kit-directed ligand-based therapeutics in gd T cells, we

developed a transgene to express the mSCF CAR under a T7

promoter for mRNA production (Figure 5A). Similarly, we also
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1294555
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Branella et al. 10.3389/fimmu.2023.1294555
developed a ligand-based secreted bispecific T-cell engager (sBite)

using the human sequence for SCF and an anti-CD3 scFv (clone:

OKT3) (Figure 5B). When expressed in a gd T cell, the hSCF sBite is

secreted and dually binds to the gd T-cell receptor (TCR) and c-kit,

which is expressed on the target cell, and induces cytotoxicity. As gd
T cells have innate cytotoxicity against cancer cells, we posited that

expressing these targeted transgenes transiently would provide

potent tumor clearance without long-term off-target toxicities

within the c-kit compartment. Flow cytometric analysis confirms

CAR surface expression using mouse and human c-kit-Fc

(Figure 5C). Interestingly, gd T cells modified with the hSCF sBite

shift positively when incubated with the human c-kit-Fc, suggesting

sBite secretion, binding to surface CD3ϵ and ability to bind to

human c-kit. Importantly, this also confirms that the human

sequence for SCF is unable to bind to murine c-kit (Figure 5C).

Overall, mSCF CAR transfection efficiency averages to 63% ± 18%

from samples across eight healthy donors (Figure 5D).
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To assess cytotoxicity of mSCF CAR and hSCF sBite-modified

gd T cells, human AML cell lines CMK and Kasumi-1 were co-

cultured for 4-hours with mock gd T cells, mSCF CAR gd T cells, or

hSCF sBite gd T cells at increasing E:T ratios (Figure 5E). As

expected, the degree of toxicity of non-modified gd T cells against

some AML cell lines is donor dependent (35). Cytotoxicity

increased as E:T ratios increased across the three donors to

variable degrees and importantly, CAR and sBite modification

enhanced cytotoxicity in all donors (Figure 5E). To further

confirm secretion of the hSCF sBite from modified gd T cells, c-

kit+ CMK cells were co-cultured with mock gd T cells, mock gd T

cells supplemented with hSCF sBite conditioned media, or hSCF

sBite-modified gd T cells at increasing E:T ratios. Mock gd T cells

supplemented with hSCF sBite conditioned media induced the same

degree of cytotoxicity as hSCF sBite-modified gd T cells, indicating

the hSCF sBite is secreted into the media and can act on both

modified and non-modified cells (Figure 5F).
B

C D E

A

FIGURE 3

mSCF CAR ab T cells expand in vivo in the absence of AML. (A) Representative flow plots depict mSCF CAR expression of injected ab T cells in
the naive context and in the context of AML. (B) Briefly, NSG mice were injected with 5 x 106 mSCF CAR-modified ab T cells intraveneously
in the absence of AML. %CAR+ ab T cells (gated on live human CD45+ cells) within the peripheral blood (PB), spleen, and bone marrow (BM)
compartments. Error bars represent SD. Statistical analysis represents Student's t test (***p<0.001; ns, p > 0.05). (C) Briefly, NSG mice recieved
100 rads of x-ray irradiation in the morning followed by IV injection of 5 x 106 CMK cells in the afternoon on day -1. The following day, mice were
treated with 5 x 106 mock ab T cells or mSCF CAR-modified ab T cells (<8% CAR+) intraveneously. Peripheral blood leukocytes were collected
3 weeks after treatment to assess for leukemia engraftment. n = 3 untreated, n = 6 mock T, n = 6 mSCF CAR T. %CD3 live ab T cells circulating
within the periphery 3 weeks after treatment. Error bars represent SD. Statistical analysis represents Student's t test (*p<0.05; ns, p > 0.05).
(D) %CAR+ ab T cells (gated on live human CD3+ cells) circulating within the periphery 3 weeks after treatment. Error bars represent SD. Statistical
analysis represents Student’s t test (***p<0.001; ns, p > 0.05). (E) %CD33+ live AML cells circulating within the periphery 3 weeks after treatment.
Error bars represent SD. Statistical analysis represents Student's t test (****p < 0.0001; ns, p > 0.05).
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3.5 c-kit-targeting mSCF CAR gd T cells
induce sca-1+ cell death ex vivo

While hSCF sBite-modified gd T cells should not induce

toxicity against murine c-kit+ cells in the bone marrow, as

human SCF does not bind to murine c-kit, it is still important
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to consider the toxicity of mSCF CAR-modified gd T cells against

murine c-kit+ cells in the bone marrow. To accomplish this, mSCF

CAR gd T cells and hSCF sBite gd T cells were co-cultured for 24-

hours with sca-1+ isolated murine bone marrow at an E:T ratio of

1:2. Importantly, cells were co-cultured in both the absence and

presence of supraphysiological levels of recombinant murine SCF
B C

D E F

A

FIGURE 4

AML and leukemia cell lines express sress antigens MICA/MICB, ULBP1, and ULBP2/5/6. mRNA expression of stress antigens MICA/MICB (A), ULBP1
(B), and ULBP2 (C) on normal PBMC and two AML datasets queried using R2: Genomics Analysis and Visualization Platform (https://r2.amc.nl). Error
bars represent SD. Statistical analysis represents One-Way ANOVA (****p < 0.0001; *p < 0.05). Histograms depict stress antigen expression of MICA/
MICB (D), ULBP1 (E), and ULBP2/5/6 (F) in healthy donor PBMC (n = 3) and leukemia cell lines by flow cytometry.
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to assess the functionality of a ligand-based therapy in a ligand

competing environment.

After 24-hours, mSCF CAR gd T cells, but not hSCF sBite or

mock gd T cells, reduced the c-kit+ and Lineage- sca-1+ c-kit+ (LSK)

compartments of murine bone marrow (Figures 6A, B). A colony

forming unit (CFU) assay cultured at a 1:2 E:T ratio confirms a

depletion of progenitor cells in only the cells co-cultured with

mSCF CAR gd T cells (Figure 6C). Importantly, this depletion can

be seen in both the presence and absence of recombinant murine

SCF, suggesting ligand competition inhibiting functionality

is minimal.
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3.6 gd T cells have limited persistence in
NSG mice

Given enhanced toxicity of mSCF CAR gd T cells ex vivo, and

the in vivo expansion of ab T cells in murine bone marrow, we next

determined gd T-cell kinetics in vivo to evaluate possible bone

marrow toxicity. To this end, NSG mice were injected with 107 gd T
cells by intravenous, retro-orbital injection and peripheral blood

leukocytes were collected once daily for 4 days (Figure 7A). To

determine if IL-2 or zoledronic acid enhanced in vivo persistence, a

treatment regimen of two doses of 13,000 IU recombinant human
B

C D

E F

A

FIGURE 5

Design of novel ligand-based therapeutics and transient modification of gd T cells. (A) Schematic of mSCF CAR construct for mRNA generation.
(B) Diagram of hSCF sBite construct for mRNA generation. (C) Representative flow plots depicting mSCF CAR expression on primary gd T cells
transfected with 15 mg mRNA encoding denoted construct when stained with 20 ng of murine or human c-kit-Fc chimera. (D) Pooled transfection
efficiency of primary gd T cells modified with the mSCF CAR. n = 8 donors with n = 1-7 biological replicates. (E) Four-hour flow cytometry
cytotoxicity assays of mSCF CAR- and hSCF sBite-modified primary gd T cells against c-kit expressing AML cell lines compared to mock gd T cell
controls. Percent cytotoxicity is the sum of 7AAD+, Annexin V+, and 7AAD+ Annexin V+ cells when gated on VPD450-stained target cells only. Error
bars represent SD. n = 3 donors with n = 2-7 biological replicates each. (F) Four-hour flow cytometry cytotoxicity assay of hSCF sBite gd T cells
against c-kit+ CMK cells compared to mock gd T cell control. Mock gd T cells were co-cultured with media from hSCF sBite-modified cells and
c-kit+ CMK cells to measure sBite secretion. Error bars represent SD. n = 1 donor with n = 4 biological replicates.
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IL-2 by intraperitoneal injection and one dose of 70 mg/kg
zoledronic acid by subcutaneous injection or two doses of IL-2

alone were given. Percent gd T cells were highest in circulation 48

hours after injection, with a steady decline in persistence up to 4

days after injection (Figure 7B). gd T cells were found in the spleen

(Figure 7C) and bone marrow 4 days after injection, though very

low levels were found in the bone marrow (Figure 7D). Neither

treatment with IL-2 or combination IL-2 and zoledronic acid

treatment enhanced gd T-cell persistence.

The lack of gd T cells infiltrating the extravascular bone marrow

space of NSG mice may prove advantageous to control on-target

off-tumor toxicity in the bone marrow compartment. To investigate

this further, we directly injected mSCF CAR gd T cells into the left

femur of NSG mice, with mock gd T cells as a control, and assessed

for bone marrow clearance two days later, when gd T cells have

previously been shown to be at their highest in circulation. Indeed,

human CD3+ human gdTCR+ gd T cells were found in the

peripheral blood and spleen two days after injection (Figures 7E–

G). However, only a small number gd T cells remained in the

injected left femur (Figure 7G). Additionally, changes in the c-kit+

compartment of the peripheral blood, spleen, and bone marrow of
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the left and right femur were not observed between groups

(Figures 7H–J). A CFU assay confirmed no changes in progenitor

cell populations between the left (injected) and right (control)

femur (Figure 7K).

Together, these data show gd T cells do not persist beyond four

days in NSG mice and do not efficiently infiltrate the extravascular

bone marrow compartment. This, in addition to transient transgene

expression, can serve as a safety mechanism to limit toxicity.
3.7 hSCF sBite-modified gd T cells
moderately improve survival in vivo

To assess efficacy against AML in vivo, NSG mice were first pre-

conditioned with busulfan, then 5 × 106 luciferase-expressing CMK

cells were established by intravenous injection the following

morning. Beginning that afternoon, and for the next 3 days for a

total of 4 doses, 1 × 107 total mSCF CAR gd T cells or hSCF sBite gd
T cells were injected intravenously, with mock gd T cells as a control

(Figure 8A). Bioluminescence was assessed regularly throughout the

study (Figure 8B).
B

C

A

FIGURE 6

mSCF CAR-modified gd T cells, but not hSCF sBite-modified gd T cells, are cytotoxic against murine bone marrow ex vivo. (A-C) Briefly, murine sca-1+

cells were harvested from bone marrow of C57BL/6 mice, rested for 1 day in media supplemented with mIL-3 (20 ng/mL), hIL-11 (100 ng/mL), and hFlt3
(100 ng/mL) and with or without mSCF (100 ng/mL), then co-cultured with gd T cells for 24-hours at a 1:2 E:T ratio. Co-cultures were subject to flow
cytometry analysis to assess LSK and c-kit+ compartments. (A) Representative flow plots depict LSK and c-kit+ compartments of murine sca-1+ cells in a
24-hour ex vivo co-culture of mock gd T cells, mSCF CAR gd T cells, or hSCF sBite gd T cells supplemented with all cytokine excluding mSCF. (B) %LSK
(gated on live hCD3- hgdTCR- cells). Error bars represent SD. n = 2-3 biological replicates. (C) Number of colonies counted from colony forming unit
(CFU) assay after 24-hour co-culture. Error bars represent SD. n = 3 technical replicates. n = 2 biological replicates.
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FIGURE 7

Persistence and toxicity of mSCF CAR gd T cells in immunocompromised mice. (A) Schematic. NSG mice were injected with 1 × 107 gd T cells IV
alone on day 0 (n = 6), 1 × 107 gd T cells IV on day 0 and two doses of 13,000 IU IL-2 IP on day 0 and day 2 (n = 6), or 1 × 107 gd T cells IV on day 0,
two doses of 13,000 IU IL-2 IP on day 0 and day 2, and one dose of 70 mg/mg zoledronic acid SC on day 0 (n = 6). Peripheral blood leukocytes
were collected daily beginning 24-hours after the start of treatment and assessed for the presence of human gd T cells. Four days later, mice were
sacrificed to assess for human gd T cells within the spleen and bone marrow. (B) %hCD45+ (gated on live cells) within the peripheral blood at each
timepoint. Error bars represent SD. Statistical analysis represents Student’s t test (ns, p > 0.05). (C–D) %hCD45+ (gated on live cells) within the spleen
(C) and bone marrow (D) at end point. Statistical analysis represents Student’s t test (ns, p > 0.05). (E–G) %hCD3+ hgdTCR+ (gated on live cells)
within the peripheral blood (E), spleen (F), and the left and right femurs (G). Error bars represent SD. Statistical analysis represents Student’s t test (ns,
p > 0.05). (H–J) %c-kit+ (gated on hCD3- hgdTCR- live cells) within the peripheral blood (H), spleen (I), and left and right femurs (J). Error bars
represent SD. Statistical analysis represents unpaired (H, I) or paired (J) Student’s t test (*p < 0.05; ns, p > 0.05). (K) Number of colonies counted
from a CFU assay on the left and right femurs. Statistical analysis represents paired Student’s t test (ns, p > 0.05). Data point graphed is averaged
from n = 3 technical replicates per mouse.
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There was a clear delay in cancer development in hSCF sBite gd
T cell-treated mice that was not observed in mSCF CAR gd T cell-

treated mice (Figure 8B). We postulate this suppression of growth

despite similar in vitro results can be attributed to the secretion of

the hSCF sBite and its ability to engage all gd T cells, whereas the

mSCF CAR can only function through transfected cells as it is a

surface-bound protein.

Three weeks after the establishment of AML, peripheral blood

leukocytes were collected and subject to flow cytometry analysis for the

presence of CD33+ CMK cells. At this time, there were few CMK cells in

the peripheral blood, especially in mSCF CAR and hSCF sBite treated

mice (Figure 8C). Themean percentage of CMK cells was lower in CAR

and sBite treated mice compared to untreated mice (0.3% vs 0.6%),

however the differences did not approach significance (Figure 8C). The

surface expression of c-kit, as measured by MFI, on circulating CMK

cells did not differ among groups, suggesting antigen escape is not a

mechanism of immune evasion (Figure 8D). Complete blood counts

(CBCs) did not show significant differences among groups, though all
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mice experienced thrombocytopenia, which was likely due to cancer

progression affecting hematopoiesis (Figures S4A–H).

Treatment with mSCF CAR did not result in a significant

survival benefit under the conditions tested, whereas hSCF sBite

gd T cells showed a trend towards survival enhancement (Figure 8E,

p = 0.075). One possibility as a mechanistic explanation for the

discrepancy between the efficient in vitro cytotoxicity and in vivo

tumor clearance is the observation that surviving CMK cells were

primarily observed in the extravascular bone marrow compartment

(Figure 8F). We have previously shown that gd T cells do not readily

migrate to murine bone marrow (39), possibly due to minimal

CXCR4 expression (Figure S5), an important chemokine receptor

that helps leukocytes migrate from the periphery to the bone

marrow (51). Taken together, these data suggest CMK cell growth

is inhibited at early time points when injected into peripheral

circulation up until they leave circulation and populate the bone

marrow, where even high doses of gd T cells cannot control disease

burden in the extravascular bone marrow compartment.
B

C D E F

A

FIGURE 8

Treatment of hSCF sBite-modified gd T cells only moderately prolongs survival in vivo, despite aggressive treatment regimen. (A) Experimental
design. Briefly, NSG mice were pre-conditioned with 20 mg/kg busulfan IP on day -1, then injected with 5 × 106 CMK cells via tail-vein injection in
the morning on day 0. Beginning in the afternoon on day 0, and then once daily for the next 3 days for a total of 4 doses, 1 × 107 gd T cells were
injected via tail-vein injection. Mice were subjected to bioluminescence imaging for the following 3 weeks, then followed for survival until they met
endpoint. n = 8 untreated, n = 6 mock T treated, n = 6 hSCF sBite treated, n = 3 mSCF CAR treated. (B) Bioluminescence images. (C) Peripheral
blood leukocytes were collected 3 weeks after the start of treatment and assessed for presence of CD33+ CMK cells. Error bars represent SD.
Statistical analysis represents Student’s t test (ns, p > 0.05). (D) MFI of c-kit on CMK cells within the periphery. Statistical analysis represents Student’s
t test (ns, p > 0.05). (E) Kaplan-Meier survival analysis. Untreated and mock gd T treated groups were combined as a control group. Statistical analysis
represents log rank (Mantel-Cox) test (ns > 0.05). P-value is shown. (F) Representative flow plots of hCD33+ hCD45+ CMK cells in the bone marrow
of an untreated mouse sacrificed near end-point.
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4 Discussion

AML proves more difficult to manage with targeted

therapeutics, such as CAR T therapy, than B-cell malignancies

due to a scarcity of cancer-specific target receptors. Despite this,

preclinical efforts to develop CAR T therapies for AML are ongoing

and include targets such as CD33 (14), CD123 (52, 53), and CD70

(54). Most notably, therapeutics targeting CD33 (NCT03971799)

and CD123 (NCT04678336) have advanced to clinical trials and

show some clinical promise. However, critical measures are needed

to mitigate off-target toxicities of these therapies within the bone

marrow niche, as HSCs express both CD33 and CD123. As HSCT is

curative for patients with AML and toxicities associated with pre-

transplantation conditioning are severe (8), it has been observed

that these toxicities may be advantageous and can even replace pre-

transplantation conditioning.

C-kit, or CD117, has also been explored as a potential target for

the development of CAR T therapy in the context of AML (22, 55).

As c-kit is expressed on HSCs, current therapeutics targeting c-kit

have been designed as a bridge-to-transplant by eradicating HSCs

and leukemia simultaneously. Indeed, preclinical studies targeting

c-kit as a means of pre-transplantation conditioning alone using

antibody-immunotoxin conjugates by our lab (17) and others (18)

and using CAR T cells (21) are ongoing. Clinically, briquilimab has

shown promise in a Phase 1/2 dose-escalation trial of patients

undergoing HSCT for severe combined immunodeficiency (SCID;

NCT02963064) and a Phase 1 trial of patients undergoing HSCT for

MDS/AML (NCT04429191).

Herein, we designed a ligand-based CAR and sBite to target c-

kit using its cognate ligand SCF for the treatment of AML. The

reasons for choosing a ligand-based design over a traditional scFv

are many. Primarily, the elimination of stabilizing interactions that

exist in the original antibody structure and simultaneous

introduction of a non-native linker sequence between the variable

heavy and light domains can result in thermal instability, partial

scFv unfolding, domain swapping , and uncontrol led

heterodimerization between two scFv molecules (27, 56).

Therefore, to ensure stability of the antigen-binding domain and

prevent scFv aggregation leading to tonic signaling of the CAR or

inefficiency of the sBite, we tested a ligand-based design. It is true

that some ligands, such as SCF, have dimerization potential;

however, this does not interfere with receptor binding (and, in

turn, therapeutic efficacy), as ligand dimers may still bind their

receptors, though it may lead to enhanced tonic signaling. In fact,

this design may prove advantageous over a traditional scFv-based

design due to differences in affinity of the binding domain to the

receptor. While the binding affinity for human SCF to human c-kit

is strong and falls within the nanomolar range (57), it is still weaker

than that of an antibody-antigen interaction, which can fall as low

as picomolar range (58). Recent studies suggest that low-affinity

CAR T cells have a lower risk of antigen escape through decreased

trogocytosis (59), increased tumor selectivity (60), reduced

exhaustion (61), and a reduced risk of cytokine release syndrome

(CRS) due to decreased cytokine secretion (61). Together, these

benefits may promote an enhanced safety profile of the therapeutic

and allow for the potential combination with other therapeutics.
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That said, ligand-based therapeutics have been tested preclinically

(62), with some advancing to clinical testing. For example, ligand-

based IL-13Ra2-targeting CAR T cells whose binding domain

utilizes a modified IL-13 ligand have shown promise for the

treatment of childhood glioblastoma multiforme (GBM), resulting

in tumor regression with enhanced IFN-g signaling to activate the

host immune system (63, 64).

The strategy of expressing CAR or sBite transgenes transiently

in gd T cells (rather than traditional ab T cells) can serve as a safety

modification and as a potential off-the-shelf therapeutic. gd T cells

do not cause graft-versus-host-disease (GvHD) reactions when

transplanted across HLA barriers, as gd T cells recognize antigen

independent of HLA, while also contributing to graft-versus-

leukemia (GvL) effect partially through the recognition of stress

antigens (29–31). Importantly, pediatric patients with higher

numbers of gd T cells after HSCT have significantly higher event-

free survival, a lower probability of infection, and a lower risk of

relapse, with the survival advantage lasting as long as 7 years after

HSCT (65, 66). Additionally, gd T-cell infiltration into tumors has

been identified as the most favorable prognostic factor in a pan-

cancer analysis (67), further solidifying their clinical benefit.

We have been able to expand gd T cells ex vivo from healthy

donors using a serum-free Good Manufacturing Practice (GMP)

compliant expansion protocol (33, 35) and have shown preclinical

efficacy in B-cell leukemia (39) and neuroblastoma models (32, 38).

In fact, this manufacturing strategy is under clinical investigation in

a Phase 1 trial in the context of childhood neuroblastoma

(NCT05400603). With respect to AML, it is known that

difficulties in manufacturing multiple doses and a lack of

persistence of mRNA-based ab CAR T cells led to limited

outcomes in clinical trials for anti-CD123 mRNA ab CAR T cells

in patients with r/r AML (NCT02623582) (68). Concerns about

manufacturing can be reduced by instead employing gd T cells as

opposed to ab T cells, which can be manufactured from healthy

donors and serve as an off-the-shelf therapeutic. Furthermore,

transient expression of a c-kit-directed therapeutic may limit off-

target toxicity in the bone marrow niche, and un-modified gd T cells

can provide additional cancer surveillance through interaction with

stress antigens, which we have shown are up regulated on

AML cells.

In this study, c-kit-directed, ligand-based, mSCF CAR and

hSCF sBite gd T cells were generated by mRNA electroporation,

achieving >60% CAR modification on average. In vitro, we show

mSCF CAR- and hSCF sBite-modified gd T cells are cytotoxic

against c-kit+ AML cell lines, ablating >90% of AML cell lines

during a short-term cytotoxicity assay at a low effector-to-target

ratio. Furthermore, a significant decrease in the LSK compartment

of murine bone marrow during a 24-hour ex vivo co-culture was

shown with mSCF CAR-modified gd T cells, confirming the

possibility of toxicity within the bone marrow compartment.

Interestingly, this decrease in the LSK compartment was observed

in both the absence and presence of supraphysiological levels of

murine SCF and was confirmed by CFU assay, suggesting mSCF

CAR gd T cells affected LSK pluripotency. One possible explanation

for this surprising result is that while the addition of SCF to the co-

culture may have initially protected LSK cells from gd T-cell
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induced cell death by c-kit receptor internalization, subsequent re-

expression of c-kit on the cell surface 12-14 hours later (69) may

render them susceptible again, though more experiments are

needed to test this hypothesis.

However, despite this toxicity ex vivo, it was not observed in

vivo, likely due to limited trafficking of gd T cells to the bone

marrow niche. As such, treatment of AML-bearing mice with hSCF

sBite-modified gd T cells only slightly prolonged survival. This, in

combination with previously published (38, 39, 70) and ongoing

studies within our group, now defines an important limitation of

studying human IL-2/zoledronic acid-expanded gd T cells in the

murine setting, as these cells do not migrate to the bone marrow,

which is the site of later stage CMK cell growth in this AML mouse

model. Alternatively, it is also possible that the inefficient migration

of human gd T cells into the murine extravascular bone marrow

compartment may simply be due to specific-specific chemokine-

receptor incompatibility. Despite this limitation, our data suggest

that the hSCF sBite provides better control of tumor growth than

the mSCF CAR, which can be attributed to the activation of both

modified and non-modified cells, as the sBite is secreted and can

interact with all CD3+ cells.

As many myeloid malignancies include bone marrow

involvement, a lack of trafficking of gd T cells to the bone

marrow niche proves challenging for clinical translation. Indeed,

others have shown difficulty in trafficking of leukocytes to the bone

marrow and have proposed the overexpression of CXCR4 by

retroviral transduction as a means of enhancing trafficking (21).

Another strategy may instead aim to enhance CXCR4 expression

through modification of our expansion protocol, as it has been

shown that the addition of TGF-b to expansion media upregulates

CXCR4 on gd T cells (70, 71). However, to date, we have not been

successful in repeating this finding, possibly due to our unique

serum-free method of expansion. Further studies aim to enhance gd
T-cell persistence in the bone marrow by similar modifications, and

are currently underway. Despite these limitations, these data

demonstrate ligand-based gd T-cell therapies targeting c-kit for

the treatment of AML is fundamentally possible. Future

investigation will focus on efforts to enhance gd T cell migration

and infiltration into the bone marrow, and specifically address

toxicities associated with hSCF sBite expression within the bone

marrow compartment.
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Anti-PD1 does not improve
pyroptosis induced by gd
T cells but promotes
tumor regression in a pleural
mesothelioma mouse model

Ka Sin Lui1, Zuodong Ye1, Hoi Ching Chan1, Yoshimasa Tanaka2

and Allen Ka Loon Cheung1*

1Department of Biology, Faculty of Science, Hong Kong Baptist University, Hong Kong,
Hong Kong, SAR, China, 2Center for Medical Innovation, Nagasaki University, Nagasaki, Japan
Introduction: Mesothelioma is an aggressive tumor in the pleural cavity that is

difficult to treat. Diagnosis is usually late with minimal treatment options available

for the patients and with unfavorable outcomes. However, recent advances in

immunotherapy using gd T cells may have potential against mesothelioma, given

its ample tumoricidal and tumor-migratory properties could allow its infiltration

to the widespread tumor mass. Thus, we hypothesize that Vd2 T cells can

perform cytotoxic activities against mesothelioma especially when combined

with immune checkpoint blocker against PD-1.

Methods: Human Vd2 T cells were expanded from peripheral blood

mononuclear cells using Tetrakis‐pivaloyloxymethyl 2‐(thiazole‐2‐ylamino)

ethylidene‐1,1‐bisphosphonate (PTA) plus IL-2 for 13 days, before used to test

for cytotoxicity against mesothelioma cell lines. Mesothelioma-bearingmice was

established by Intrapleural administration of mesothelioma cell lines to test for

the efficacy of Vd2 T cells plus anti-PD-1 antibody combination treatment.

Pyroptosis was evaluated by cell morphology, western blot analysis, and ELISA

experiments. Flow cytometry was used to examine expression of BTN2A1,

BTN3A1, PD-L1, PD-L2 on mesothelioma cell lines. Immunofluorescence

staining was performed to detect Vd2 T cells post adoptive transfer and

characteristics of pyroptosis in ex vivo mesothelioma tissue sections.

Results: Indeed, our data demonstrated that Vd2 T cells killing mesothelioma can

be enhanced by anti-PD-1 antibody in vitro, especially for high PD-1 expressing

cells, and in vivo in the intrapleural mesothelioma mice model established by us.

Adoptive transfer of Vd2 T cells into these mice leads to tumor regression by 30-

40% compared to control. Immunofluorescence of the tumor section confirmed

infiltration of Vd2 T cells into the tumor, especially to cells with BTN2A1

expression (a Vd2 T cell activating molecule) despite PD-L1 co-localization.

Interestingly, these cells co-expressed cleaved gasdermin D, suggesting that

pyroptosis was induced by Vd2 T cells. This was verified by Vd2 T/mesothelioma

co-culture experiments demonstrating membrane ballooning morphology,

increased cleaved caspase-3 and gasdermin E, and upregulated IL-1b and IL-18.
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Discussion: Vd2 T cells plus anti-PD1 exhibited cytotoxicity against

mesothelioma in vivo. However, we found no advantage for anti-PD-1 against

PD-1 high expressing Vd2 T cells in promoting pyroptosis. Taken together, our

work demonstrated that Vd2 T cells combined with anti-PD-1 antibody can be

developed as a potential combination immunotherapy for mesothelioma.
KEYWORDS
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Introduction

Mesothelioma is an aggressive cancer that occurs in the

mesothelial lining of the pleura, pericardium, and peritoneum (1).

It is primarily caused by exposure to asbestos in construction

materials during the 1950s, leading to the transformation of

mesothelium cells into tumor cells with a latency period of over

30 years (1–3). In 2020, at least 26,000 mesothelioma-related deaths

were reported globally (4), and the incidence and mortality rates are

expected to rise, especially in undeveloped countries or cities where

asbestos is still used. Unfortunately, the survival rate for

mesothelioma patients remains low, and the available treatment

options, including chemotherapy, surgical resection, and certain

immunotherapies, only provide limited improvements in patient

lifespan (5). Moreover, traditional therapies often result in

unsatisfactory outcomes, with serious complications such as

empyema leading to death (6, 7). Additionally, the lack of

accurate and reliable biomarkers for mesothelioma detection

hinders the widespread use of advanced immunotherapies like

CAR CD8+ T cells, which require high antigen specificity (8). In

light of these challenges, alternative natural immune cells with

tumoricidal properties that do not rely on antigen recognition may

hold potential against mesothelioma.

Pyroptosis is a form of programmed cell death mediated by

inflammatory caspases like Caspase 1, 3, 4, 5, 11, which enables an

inflammatory response and the release of active IL-1b and IL-18 (7, 9).

Pyroptosis is characterized by membrane blebbing, where cleaved

gasdermin D and E proteins form membrane pores that induce cell

swelling, rupture, and the release of cytokines (10–12) The cleavage of

gasdermin D is mediated by the non-canonical activation of caspase 4,

5 or 11, while gasdermin E is cleaved by canonical pathway activated

caspase 1 or 3 (10, 12–16). Pyroptotic cell death activates anti-tumor

immune responses, making it a focus of cancer treatment research.

Recent studies have shown upregulated pyroptosis-related genes in

mesothelioma compared to other cancers, correlating with the

susceptibility of mesothelioma cells to pyroptosis induction (15, 17).

Therefore, utilizing Vd2 T cells in our model may hold therapeutic

potential for inducing pyroptosis and improving clinical outcomes for

mesothelioma patients.

The Vd2 subset of gamma-delta T cells (gd T cells) possesses ample

cytotoxicity against various cancers, including cholangiocarcinoma,

pancreatic cancer, and lung cancer (18–20). We recently shown in a
02180
nasopharyngeal carcinoma mice model that Vd2 T cells can infiltrate

into tumor mass, particularly to areas of cells that express BTN2A1/

BTN3A1 (21). These molecules facilitate the presentation of

phosphoantigen (pAg) and subsequent activation of Vd2 T cells,

with increased pAg found in tumor cells. Importantly, Vd2 T cells

can be robustly expanded in vitro using a prodrug called tetrakis-

pivaloxloxymethyl 2-(thiazole-2-ylamino) ethylidene-1,1-

bisphosphonate (PTA), which exhibits cytotoxicity against

mesothelioma through three distinct mechanisms (21–23).

Despite the advantages of Vd2 T cells, they can become

“exhausted” in the tumor microenvironment due to immune

checkpoint molecules such as PD-1 and the ligands PD-L1 and

PD-L2. Immune checkpoint inhibitors like nivolumab (anti-PD-1

antibody) or durvalumab (anti-PD-L1 antibody) are used clinically

to restore the cytotoxic function of immune cells by blocking the

PD-1/PD-L1 interaction (9, 24). These inhibitors have shown to

extend the lifespan of mesothelioma patients by at least 10 months

(25–30). Thus, we hypothesized that combining anti-PD-1 antibody

with Vd2 T cells can enhance the efficacy against mesothelioma.

Our data shows that anti-PD-1 antibody (nivolumab) can enhance

the anti-tumor ability of Vd2 T cells against mesothelioma in vitro in a

pleural mesotheliomamice model, especially those cells with high PD-1

expression. Immunofluorescence staining of tissue sections revealed an

increased number of tumor infiltrating Vd2 T cells. Interestingly, live-

imaging of Vd2 T cells co-cultured with mesothelioma showed the

induction of pyroptosis in the cells, which was confirmed by the

detection of the active Caspase 3 and gasdermin E protein expressoion,

as well as increased IL-1b and IL-18. However, the pyroptotic effect was
not enhanced by anti-PD-1 antibody.
Materials and methods

Cell lines

Human mesothelioma cell lines MSTO-211H (hereafter

referred to as MSTO) and NCI-H2052 cells (hereafter referred to

as H2052) were purchased from ATCC, were cultured with

RPMI 1640 medium (ATCC modification) (Cat. no. A1049101,

GIBCO) supplemented with 10% fetal bovine serum (FBS) (Cat. no.

10270106, GIBCO). Cells were incubated at 37°C in 5% CO2. MSTO
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https://doi.org/10.3389/fimmu.2023.1282710
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lui et al. 10.3389/fimmu.2023.1282710
and H2052 cells are derived from the lung of male patients who

suffered from biphasic and stage 4 mesothelioma, respectively.
Construction of luciferase reporter
mesothelioma cell lines

pLV-Fluc-mCherry-Puro plasmid encoding luciferase reporter

gene and mCherry gene (provided by Yue Jianbo, City University of

Hong Kong) and the two packaging plasmids, pMD2.G (Cat. no.

12259, Addgene) and psPAX2 (Cat. no. 12260, Addgene) were co-

transfected into 293T cells to generate lentiviruses. After 48 h post-

transfection, the supernatant containing lentiviruses was collected

and used to transduce the luciferase gene into MSTO or H2052

cells. Polybrene (10 mg/ml) was added to the cells to improve the

lentiviral infection efficiency. After overnight incubation, MSTO or

H2052 cells that tested positive for mCherry were selected by

replacing culture medium supplemented with puromycin (2 mg/
ml) after 2 days post-infection. Single-cell clones were further

obtained by limiting dilution methods, and the luciferase activity

was verified by Perkin Elmer EnSight Microplate Reader. The stable

luciferase reporter mesothelioma cell lines –MSTO-luc and H2052-

luc were then established.
Expansion and purification of gd
T cells in vitro

Peripheral blood mononuclear cells (PBMC) were isolated from

human whole blood (Hong Kong Red Cross) using density gradient

medium (Lymphoprep, Cat. no. 07861, STEMCELL Technologies).

Tetrakis‐pivaloyloxymethyl 2‐(thiazole‐2‐ylamino) ethylidene‐1,1‐

bisphosphonate (PTA) (PTA; 1 mM/ml; kindly provided by Prof

Yoshimasa Tanaka, Nagasaki University) were used to stimulate the

expansion of PBMC (4 x 106 cell/ml) in recombinant human IL-2

protein (rhIL-2; 100 IU/ml; Cat. no. 202-IL-500, R&D systems)

containing RPMI 1640 medium (Gibco) supplemented with 10%

FBS (GIBCO) at 37°C in 5% CO2 incubator for 13 days with 50%

media change every 2-3 days. After 13 days in culture, gd T cells

were purified by human TCR g/d+ T Cell Isolation Kit (Cat. no. 130-

092-892, Miltenyi Biotec). The purity of CD3+Vd2+ cells were

achieved to >95% before used for subsequent experiments.
Western blotting

MSTO-luc and H2052-luc were co-cultured with pre-treated gd
T cells using nivolumab (anti-PD-1 antibody) (Cat. no. HY-P9903,

MedChemExpress) for 6 hours. 10 mM raptinal (Cat. no. HY-

121320, MedChemExpress) and 20 mM terfenadine (Cat. no. HY-

B1193, MedChemExpress) served as positive controls,

mesothelioma cells alone served as negative control. Protein

extraction from the cells was performed using denaturing lysis

buffer (31). Protein concentrations were measured using Pierce

BCA Protein Assay Kit (Cat. no. 23227, Thermo Scientific), 20 mg
protein lysates were loaded into 10% SDS-PAGE gel for
Frontiers in Immunology 03181
electrophoresis, followed by wet-transfer onto Immobilon PVDF

membrane (Cat. no. ISEQ00005, Sigma-Aldrich) in Trans-Blot

Electrophoretic Transfer Cell (Bio-Rad). Membranes were blotted

with 5% skimmed milk (Blotting-grade Blocker, Cat. no. 1706404,

Biorad) and 0.5% BSA (Cat. no. A3983, Sigma-Aldrich) in TBS-T

(1x Tris-buffered saline with 0.1% Tween-20) at room temperature

for 1 h. Unconjugated primary antibodies and HRP conjugated

secondary antibodies used are shown in Supplementary Table 1.

The protein bands were detected by ChemiDoc (Bio-Rad) using

SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Cat.

no. 34580, Thermo Scientific). ImageJ software (http://

imagej.nih.gov/ij/) was used to analyze the band intensities.
Flow cytometry

Cells were collected and washed with FACS buffer (1% FBS in

PBS). The cells were then incubated with the appropriate

conjugated antibodies, as indicated in Supplementary Table 1 in

100 ml FACS buffer at 4°C for 30 min for surface protein staining.

Cells were analyzed using BD FACSCanto™ II or BD

FACSymphony™ A1 flow cytometer.
Cytotoxicity assay

Mesothelioma cells were pre-labelled with 2 mM Calcein AM

(Cat. No. C3100MP, Invitrogen). Luciferase reporter mesothelioma

cells were co-cultured with Vd2 T cells with or without pre-

treatment of nivolumab (Anti-PD-1 antibody). Different ratios

between Vd2 T (effector): mesothelioma cells (target) (E:T) were

performed in U-round bottom 96 well plate (Cat. No. 168136,

Thermo Fischer Scientific) at 37°C in 5% CO2 incubator for 4 h. 1%

Triton X-100 was used as the positive control to induce maximum

cell death. After centrifuging the plate at 400 xg for 5 minutes, the

supernatant was transferred to a black 96-well plate, followed by

measuring the released Calcein fluorescence signal at excitation

wavelengths 495 nm and emission 515 nm wavelengths. Cell lysis

percentage was calculated by (calcein of sample release−spontaneous release)
(maximum release−spontaneous release) �

100%. Maximum release refers to the positive control. Spontaneous

release refers to Calcein-labelled target cells only.
Live cell imaging using Incucyte S3

To monitor total live and dead mesothelioma cells,

mesothelioma cells were pre-labelled with 2 mM Calcein AM.

Reporter mesothelioma cells were co-cultured with Vd2 T cells

with or without nivolumab pre-treatment at different E:T ratios in a

96-well flat bottom culture plate (Cat. No. CS016 – 0096, ExCell

Bio) and incubated at 37°C in 5% CO2 incubator. To track cell

death, 250 nM Cytotox Red Reagent (Cat. No. 4632, Sartorius) was

added to the culture medium, and the cells were monitored over a 4-

hour period. Images were captured at regular intervals of 20-30

minutes using the IncuCyte S3 Live-Cell Analysis System

(Sartorius) and analyzed using the Incucyte software (Sartorius).
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Enzyme-linked immunosorbent assay

Different ratios of Vd2 T cells to MSTO-luc and H2052-luc cells

were co-cultured. Vd2 T cells were pre-treated (or not) with

nivolumab for 6 hours in a 96-well plate at various ratios.

Controls include tumor cells only, raptinal or terfenadine

treatment. After co-culture, the plate was centrifuge at 400 xg for

5 min before collecting the supernatants. Supernatants were stored

at -80°C until they were used for the IL-1b ELISA kit, following the

manufacturer’s instructions (Cat. No. HSLB00D, R&D Systems).

Optical density was measured at 450 nm with the wavelength

correction at 540 nm using the microplate reader (BioTek

Absorbance Microplate Reader), and the concentration of IL-1b
in the samples was calculated.
Mice experiments

NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice were obtained

from the City University of Hong Kong Laboratory Animal

Research Unit. All animal experiment were approved by Hong

Kong Baptist University Research Ethics Committee (#REC/20-21/

0217 and #REC/21-22/0217, #REC/22-23/0438). To establish the

xenograft pleural mesothelioma-bearing mice, 5 x 106 MSTO-luc or

H2052-luc were injected into NSG mice intrapleurally (i.pl). On

day 2, when luciferase signals became detectable, 1 x 107 Vd2 T

cells were adoptive transferred into the mice intravenously (i.v.) in

100 ml PBS. Nivolumab was administered intraperitoneally (i.p.) on

day 3 and 6 post-tumor injection. PBS injection served as

control. Mesothelioma luciferase activities were measured every
Frontiers in Immunology 04182
3-4 days by NightOWL II LB 983 In Vivo Imaging System

(Berthold Technologies).
Immunofluorescence staining of tumor
tissue sections

Tumor were fixed with 10% formalin solution (Cat. no.

HT501128, Sigma-Aldrich) followed by dehydration of a series of

70%, 80%, 95%, 100% ethanol and xylene (Cat. no. 1330-20-7, RCI

labscan), as well as paraffin (Cat. no. P3808, Sigma-Aldrich) for

embedding. 5 mm tumor sections made using the microtome

(Shandon Finesse 325 Rotary Microtome, Thermo Fisher

Scientific), placed onto adhesive microscope glass slides (Cat. No.

0810501, Marienfeld) and kept at room temperature and in the dark

until used. Tumor tissue sections were dewaxed, and antigen

retrieval was performed using citrate-based antigen unmasking

solution (Cat. No. H-3300, Vector Laboratories). Following

blocking with 10% normal goat serum, the tumor sections were

stained with unconjugated primary antibodies and conjugated

secondary antibodies shown as Supplementary Table 1. Images

were acquired by Stellaris confocal microscope (Leica). Counting of

nucleated cells was based on Hoechst 33258 staining, with

combinations three independent experiments.
Statistical analysis

Statistical analyses were performed using Student’s t-test, one-

way or two-way analysis of variance (ANOVA), unless otherwise

indicated. P< 0.05 is considered statistically significant.
A B

C

FIGURE 1

Anti-PD-1 enhances PD-1hi Vd2 T cells cytotoxicity towards mesothelioma cell lines. (A) PD-1 expression on CD3+Vd2+ cells analyzed by flow
cytometry shown as a violin plot. Red line indicates a cut-off of 5.99% as the median. (B) PD-1hi Vd2 T cells and (C) PD-1lo Vd2 T cells were co-
cultured with luciferase reporter-transduced mesothelioma cell lines (MSTO-luc and H2052-luc) at different effector: target (E:T) ratios in a
cytotoxicity assay. Data represents mean ± SEM from ≥ 3 independent experiments. Student’s t-test was performed. *P< 0.05, **P< 0.01.
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Results

Human Vd2 T cells exerts cytotoxicity
against mesothelioma cell lines

Freshly isolated human PBMCs were used to expand Vd2 T

cells for 13 days using PTA and IL-2 following the previously

described protocol (21), where cell clusters are formed and

expanded (Supplementary Figure 1A), with cell numbers that can

be increased by 100-1000 fold (Supplementary Figure 1B). The

purity of the CD3+Vd2+ cells reached approximately 80% after

expansion and was further enriched to >95% using microbeads

(Supplementary Figures 1C–F). These cells were then used for

cytotoxicity assays against two human mesothelioma cell lines

with transduced luciferase expression (MSTO-luc and H2052-luc)

(Supplementary Figure 2). Considering that PD-1 serves as an

indicator of “exhausted” function in Vd2 T cells, we first analyzed

its expression by flow cytometry (Figure 1A). The median

expression of PD-1 was found to be ~5.99%, which was used as

the cut-off to distinguish PD-1lo and PD-1hi Vd2 T cells. As shown

in (Figures 1B, C), PD-1lo Vd2 T cells exhibited cytotoxic responses

up to ~25% against MSTO-luc and H2052-luc. In contrast, PD-1hi

Vd2 T cells resulted in ~12% and ~10% of cytotoxicity against

MSTO-luc and H2052-luc, respectively. Thus, we tested the effect of

pre-treating the cells with aPD-1 (nivolumab) to improve the

cytotoxic functions. Indeed, aPD-1 could boost the cytotoxic

effect of PD-1hi Vd2 T cells against MSTO-luc and H2052-luc by

~2-fold significantly (Figure 1B). However, the antibody only

modestly enhanced cytotoxicity without statistical significance

(Figure 1C). Therefore, determining the level of PD-1 expression

on Vd2 T cells is crucial in justifying the use of anti-PD-1 immune

checkpoint inhibitors as immunotherapy for mesothelioma.
Vd2 T cells plus aPD-1 retarded
mesothelioma tumor growth in vivo

To test whether the combination of Vd2 T cells and aPD-1
could be effective in vivo, we first established a mouse model of

pleural mesothelioma. We injected NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ

(NSG) immunodeficient mice, aged 4-6 weeks, with 5 x 106 MSTO-

luc or H2052-luc cells intrapleurally (i.pl). In vivo imaging showed

xenograft detection in the upper body as early as two days post-

injection, with signals increasing over time (Figures 2A–C,

Supplementary Figures 3A, 4A). Tumor masses were observed in

the pleural cavity, mesothelium, pleural lining, and pericardial

lining (Supplementary Figures 3C, 4C).

Having established this model, we aimed to test the effectiveness

of Vd2 T cells combined with or without aPD-1 in these MSTO-luc

and H2052-luc bearing mice. To validate the in vitro cytotoxicity

data, we injected PD-1lo and PD-1hi Vd2 T cells into the MSTO-luc

bearing mice on day 3 and/or day 6 post-tumor injection

(Figure 2A). One dose of intravenous (i.v.) injection of PD-1lo or

PD-1hi Vd2 T cells reduced tumor growth by ~48% and ~36%,

respectively, as measured by tumor luciferase activity (Figures 2B, C).
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However, two doses of PD-1lo Vd2 T cells further reduced tumor by

another ~10%, whilst PD-1hi Vd2 T cells improved it by ~12%

(Figure 2C). Next, we sought to determine the effect of

intraperitoneal (i.p.) aPD-1 treatment in combination with a 2-

dose Vd2 T cell adoptive immunotherapy in MSTO-luc mice in a

separate experiment (Figure 2A). As shown in Figure 2D, two doses

of PD-1hi Vd2 T cells with aPD-1 resulted in ~58% reduction in

tumor growth compared to PBS control. Two doses of PD-1lo Vd2 T
cells with aPD-1 resulted in ~67% reduction in tumor growth

significantly. Control mice with tumor survived for 17 days, but

those that received the PD-1lo or PD-1hi Vd2 T cells with aPD-1
treatments survived for up to 21 days (Figure 2E), despite the

significant tumor regression.

In the H2052-luc tumor-bearing mice, we tested the

effectiveness of aPD-1 treatment in improving PD-1hi Vd2 T cells

adoptive immunotherapy (Figure 2F). Two doses of PD-1hi Vd2 T

cells showed an advantage over one dose in reducing tumor growth,

by ~37% and ~19%, respectively. Further, one and two doses of PD-

1hi Vd2 T cells/aPD-1 were able to decrease tumor growth by ~28%

and ~49%, respectively. These data suggest that immune checkpoint

blockade for Vd2 T cells with high PD-1 expression confers a better

prognosis for decreasing mesothelioma tumor mass. However,

survival was only prolonged for one day with two doses of

combined treatment in 33% of mice compared to control

(Figure 2G). For the mice experiments, no significant weight loss

was detected (Supplementary Figures 3B, 4B).
Expression of Vd2 T cell activating and
inhibitory molecules in mesothelioma

BTN2A1/BTN3A1 are essential molecules for the activation of

Vd2 T cells (32), as we have previously shown their detection in

solid tumors (21). As the results suggest that Vd2 T cells have

certain effectiveness against mesothelioma, we next examined the

expression of BTN2A1, BTN3A1, and PD-L1 in mesothelioma

tumor tissue sections obtained from the mice experiments

described earlier, at the time of death between 17-21 days.

As shown in Supplementary Figure 5A, BTN2A1, BTN3A1, and

PD-L1 appears to express differentially on cells and in different

regions by immunofluorescence and tile scan from confocal

microscopy. Vd2-TCR+ cells were observed to have infiltrated into

the tumor, with the cells present in 14% of the tumor area for the two-

dose treatment, compared to 9% for the one-dose treatment

(Figure 3A). Moreover, Vd2-TCR+ cells seemed to be located in

regions where tumor cells expressed BTN2A1 (Figure 3A) and were

found to coincide with cells that co-expressed PD-L1 (Supplementary

Figure 5A). However, there are also regions in the tumor that only

expressed BTN2A1, BTN3A1/PD-L1 or BTN2A1/BTN3A1/PD-L1

(Supplementary Figure 5A). In the tumors of mice that also received

aPD-1 treatment along with Vd2 T cells, Vd2 T cells tended to

localize to BTN2A1+ cells, similar to those mice that received Vd2 T
cells only (Figure 3A). To further illustrate the characteristics of the

tumor cells in the microenvironment, we quantified the cells

expressing combinations of BTN2A1, PD-L1, and/or PD-L2 in the

tile scan of the tumor section from the two-dose treatment
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(Supplementary 5B). Out of the 24,636 nucleated cells counted, 29.7%

did not express these markers, while 26.8% expressed all three

markers. Interestingly, cells expressing BTN2A1 or BTN3A1 alone

accounted for 27.5% and 2.0% of cells, respectively. 5.9% of cells co-

expressed BTN2A1/BTN3A1, suggesting that Vd2 T cells with full

functional capacity could potentially target 32.7% of cells in the

tumor if unhindered by the presence of PD-L1 or blocked by aPD-1.
By flow cytometry, we analyzed MSTO-luc and H2052-luc cell lines

for the expression of BTN2A1, BTN3A1, PD-L1 and PD-L2
Frontiers in Immunology 06184
(Figure 3B), BTN2A1 expression accounted for ~6.2% of MSTO-

luc and ~4.6% of H2052-luc cells (Figure 3C). However, only<1% of

cells co-expressed surface BTN2A1 and BTN3A1 (Figure 3D). A

higher frequency of cells with PD-L1 expression was found in

BTN2A1- (MSTO-luc: ~20%, H2052-luc: ~20%) compared to

BTN2A1+ (MSTO-luc: ~0.91%, H2052-luc: ~0.79%) sub-

populations (Figure 3E). PD-L2 expression was found on ~2.1% of

BTN2A1+ and ~3.4% of BTN2A1- cells for MSTO-luc, and ~1.5% of

BTN2A1+ and ~8.0% of BTN2A1- cells for H2052-luc (Figure 3F).
A

B

C D E

F G

FIGURE 2

Vd2 T cells and anti-PD-1 retard mesothelioma tumor growth in vivo. (A) Timeline of both MSTO-luc and H2052-luc mice experiment indicating the
day for cell or aPD-1 injection, or measuring tumor size based on luciferase activity in tumor bearing mice. (B) Representative images of luciferase
activities of MSTO-luc and H2052-luc bearing mice receiving PD-1lo Vd2 T with or without aPD-1 at 1-dose or 2-dose regimen. PBS injection served
as control. (C, D) Tumor growth measured by luciferase activities over time compared to day 2 post MSTO-luc tumor injection for different
treatment groups. Each group contains 3 to 6 mice. (E) Kaplan-Meier plot for MSTO-luc mice receiving 2-dose of PD-1lo or PD-1hi Vd2 T with aPD-1
over time. (F) Tumor growth of H2052-luc mice receiving one or two doses of PD-1hi Vd2 T with or without aPD-1 over time, with survival as
Kaplan-Meier plot (G). Each group contains 4-5 mice. Data represents mean ± SEM. Two-way ANOVA statistical test was used for analyzing tumor
growth curves. *P< 0.05, **P< 0.01, ***P< 0.001.
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The expression of these molecules may explain the difference in the

susceptibility of the cell lines towards Vd2 T cell cytotoxicity

(Figure 1). Moreover, we considered the expression of PD-1 on the

mesothelioma cells (33), but it was found in only ~10% of cells

(Figure 3G), and the expanded Vd2 T cells exhibited an average 1.7

±2.2% PD-L1 expression. Therefore, our analysis reveals that the

expression of BTN2A1/BTN3A1 is low on the tumor cells in

mesothelioma, where a high percentage of cells express PD-L1/PD-

L2, which could hinder the effectiveness of Vd2 T cells for

immunotherapy. This suggests the necessity of aPD-1 co-treatment.
Vd2 T cells induce pyroptotic cell death in
mesothelioma cells

By performing live-imaging of the co-culture between Vd2 T

cells and mesothelioma cells, we observed the membrane blebbing

(or “ballooning”) phenotype while the tumor cells were undergoing

cell death (Supplementary Video 1 and Supplementary Figure 6),

which is indicative of pyroptosis. To confirm whether Vd2 T cells

are capable of inducing pyroptosis, western blot was used to

determine whether the cleavage forms of gasdermin D (GasD),

gasdermin E (GasE), caspase 3, 4 could be induced by co-culture of

Vd2 T cells with MSTO-luc cells. Tumor cells only served as

negative control. Raptinal and terfenadine treatments served as
Frontiers in Immunology 07185
positive controls for caspase 3 and caspase 4 activation, respectively.

After 6 h of co-culture, there was increased level of cleaved caspase

3, particularly at the 10:1 E:T ratio (Figure 4A). aPD-1 treatment

resulted in higher level of cleaved caspase 3 for the 10:1 ratio, but to

a lesser extent with 5:1 and 2.5:1 ratios (Figure 4A). While cleavage

of GasE (which can be mediated by caspase 3) seems to have a

corresponding effect at 10:1 (Figure 4A). Band intensity values and

the ratio of cleaved GasE over full-length GasE, and other proteins,

are shown in Supplementary Figure 7. There was a small increase in

cleaved GasD compared to control, particularly at the 5:1 ratios for

Vd2 T and/or aPD-1 (Figure 4A). However, cleaved caspase 4, and

full-length forms of caspase 3, caspase 4, GasD and GasE were

similar between the treatments (Figure 4A), suggesting that co-

culture of Vd2 T and MSTO-luc induced the active form of GasE

likely due to caspase 3, and active form of GasD not due to caspase

4. While raptinal induced clear caspase 3 and GasE activation,

terfenadine was not successful for caspase 4 and GasD in the

mesothelioma cell lines (Figure 4A). In contrast, the effect on the

active form of IL-18 was more obvious at 10:1 ratio co-culture, with

a coupled decrease of pro-IL-18 (Figure 4B). However, aPD-1 did

not increase the level of active IL-18 detected even at the 10:1 ratio.

In concordance, there was an increased level of IL-1b released at

10:1 ratio compared to target cells alone, but addition of aPD-1
treatment had no improvement (Figure 4C). For H2052-luc co-

cultured with Vd2, cleavage of caspase 3, GasE and IL-18 can be
A B

D E

F G

C

FIGURE 3

Analysis of Vd2 T cell infiltration to BTN2A1+ mesothelioma cells, and expression of BTN2A1, BTN3A1, PD-L1 and PD-L2. (A) H2052-luc tumor tissue
sections from PBS, Vd2 T (1-dose), Vd2 T (2-dose), Vd2 T/aPD-1 (1-dose), and Vd2 T/aPD-1 (2-dose) mice were immunostained for Vd2-TCR+

(green), BTN2A1 (red), and nucleus (blue) with Hoechst 33258. Scale bar represents 500 mm. Representative tile scan images acquired by confocal
microscopy are shown. Insets are expanded views of the rectangular regions. Dashed lines indicate the perimeter of the tumor. White arrows
indicate regions of BTN2A1-expressing cells. (B–G) Flow cytometric analysis of the expression of BTN2A1, BTN3A1, PD-1, PD-L1, PD-L2 on MSTO-
luc and H2052-luc cells. Gating strategy is shown in (B) with analysis for the expression (numbers are percentages) shown as column graphs for (C)
BTN2A1+, (D) BTN2A1+/BTN3A1+, (E) PD-L1+, (F) PD-L2+ and (G) PD-1+ on MSTO-luc and H2052-luc cells. Data represents mean SEM from ≥ 6
independent experiments.
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found only at the 10:1 ratio but not for GasD, caspase 4 or IL-1b
(Supplementary Figures 8A, B). Interestingly, Vd2 T cells did not

induce cleaved form of caspase 3 in nasopharyngeal carcinoma

(NPC) cell lines (Supplementary Figure 9). Taken together, Vd2 T

cells can induce pyroptosis in mesothelioma cells via the canonical

pathway but only induce active IL-18 and IL-1b in MSTO-luc but

not H2052-luc cells, which may suggest the higher resistance of

H2052-luc cells towards Vd2 T cell killing.

To verify this in vivo, we examined H2052-luc tumor tissue

sections from control mice or mice that received one or two doses of

PD-1hi Vd2 T cell and/or aPD-1 treatment, for the expression of

Vd2-TCR and cleaved GasD from different treatment groups.

Indeed, higher frequency of cleaved GasD was found adjacent to

Vd2-TCR+ cells in those that received two-dose treatment (19%)

compared to one-dose treatment (8%) (Figure 5). However, we did

not find noticeable difference for one or two doses of Vd2 T cell

treatment with aPD-1 to without aPD-1 (Figure 5). These data may

suggest that the greater effect of tumor regression could be related to

the level of pyroptosis induced by Vd2 T cells.
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Discussion

Mesothelioma, which commonly affects the pleural cavity, poses

a challenge for treatment due to its widespread nature and late-stage

diagnosis. While immune checkpoint inhibitors have shown limited

efficacy in treating this cancer (25, 26, 34), another promising

approach is the use of chimeric antigen receptor (CAR)-T cell

therapy, which has demonstrated high effectiveness against

leukemia and certain solid tumors like neuroblastoma (35, 36).

However, the lack of well-defined antigens specific to mesothelioma

poses a significant obstacle in successfully implementing CAR-T

cell therapy for this cancer. Nevertheless, clinical trials combining

aPD-1 antibodies with CAR-T cells have shown promise, with

median overall survival of mesothelioma patients potentially

extended to around 20 months (37).

Alternatively, gamma-delta T cells have garnered attention as a

non-MHC-restricted cell therapy for cancer due to their inherent

tumor-killing and tumor-migratory properties (38). In the context of

mesothelioma, a recent study demonstrated that Vd2 T cells, when
A

B

C

FIGURE 4

Vd2 T cells induce pyroptosis in mesothelioma cells. (A) Analysis of protein expression level of gasdermin (Gas)E, caspase 3, GasD, caspase 4, and (B)
IL-18, following 6 h of co-culture between Vd2 T cells and MSTO-luc. Controls include raptinal and terfenadine, or cells only. Arrows indicate
expected band size of the full-length or cleaved proteins. Numbers under the bands represent band intensity normalized to b-actin. Representative
immunoblots are shown. (C) ELISA analysis of IL-1b release following 6 h of co-culture between Vd2 T cells and MSTO-luc at 10:1 ratio. plotted as a
column graph of mean ± SEM. Data from three independent experiments are shown. One-way ANOVA statistical test was used. *P< 0.05.
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stimulated by PTA, exhibit high cytotoxicity against tumor cells,

particularly at a ratio of 200:1 (23). Although this high ratio may

raise clinical concerns, it provides valuable insight into the potential of

Vd2 T cells for combating this type of cancer. The study further

revealed that these cells can engage three different killing mechanisms:

NKG2D, T cell receptor (TCR), and CD16/antibody-dependent cell

cytotoxicity (ADCC) (23). The practicality of testing the possible in

vivo effects is realized in this study, where we utilized an

immunodeficient NSG mouse model of pleural mesothelioma,

enabling the adoptive transfer of human Vd2 T cells. To the best of

our knowledge, this is the first study to employ such a model for

studying mesothelioma and evaluating human immune cell therapy.

Indeed, using this model, we found that Vd2 T cells can retard tumor

growth. However, complete tumor elimination may require a larger

number of Vd2 T cells, which needs to be carefully considered due to

the potential physiological burden associated with transferring up to

nearly 200 times more cells than the tumor itself.

One may consider achieving high efficacy for mesothelioma by

combining Vd2 T cells with immune checkpoint inhibitor, such as

anti-PD-1 antibody, to maintain the tumoricidal functions. Our

work here demonstrated that PTA-expanded Vd2 T cells from
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different donors exhibited varying levels of PD-1 expression,

ranging from 0.5% to 30.9% of the cells. Notably, we found that

anti-PD-1 treatment enhanced PD-1hi Vd2 T cells by at least ~10-

20%, based on data from tumor size and cytotoxicity assay. This

suggests that further refinement and development of this

combination therapy are warranted, and would be necessary to

conduct profiling of different clinical mesothelioma to better

understand the tumor immune landscape. In this consideration,

besides anti-PD-1, other immune checkpoint inhibitors such as

anti-BTLA, anti-CTLA-4, anti-Siglec-10, anti-TIGIT, anti-TIM-3,

anti-LAG-3 could be tested in combination to investigate their

suitability for enhancing Vd2 T cell efficacy in this mesothelioma

model. Previous studies have identified that BTLA can suppress the

proliferation of Vd2 T cells (39), while blocking the PD-1 and

CTLA-4 pathways can restore T cell function and improve survival

in melanoma, colon carcinoma, and ovarian carcinoma (40, 41).

Inhibition of Siglec-10 has been shown to decrease the expression of

immune inhibitory molecules within the tumor microenvironment

and enhance the anti-tumor activity of cytotoxic T lymphocytes in

hepatocellular carcinoma (42). Simultaneous blockade of TIGIT

and PD-L1 has elicited tumor rejection and antigen-specific
FIGURE 5

Vd2 T cells induce pyroptosis in mesothelioma bearing mice. H2052-luc tumour tissue sections from PBS, Vd2 T (1-dose), Vd2 T (2-dose), Vd2 T/
aPD-1 (1-dose), and Vd2 T/aPD-1 (2-dose) mice were immunostained for Vd2-TCR (green), cleaved GasD (red), and nucleus (blue) with Hoechst
33258. Scale bar represents 500 mm. Representative tile scan images are shown. Insets are expanded views of the rectangular regions. Arrows
indicate regions of cells with cleaved GasD expression.
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protection in CT-26 tumor-bearing mice (43), and TIM-3 has been

implicated in inhibiting the cytotoxic function of Vd2 T cells by

suppressing the release of granzyme B and perforin (44). Moreover,

LAG-3 and PD-1 have been found to synergistically promote

tumoral immune escape in melanoma and colon adenocarcinoma

(45). Therefore, targeting these immune checkpoint molecules

could help ensure the optimal function of Vd2 T cells in vivo.

The induction of pyroptosis in mesothelioma cells by Vd2 T cells is

surprising. Pyroptosis is a type of inflammatory cell death that is

characterized by the onset of inflammasome leading to the activation of

caspase 3. Subsequently, cleaved caspase 3 activates GasE proteins,

which migrate to the cell membrane, forming pores that allow osmosis

and the formation of membrane blebbing due to cell swelling,

ultimately resulting in cell rupture (10, 12). Simultaneously, the

activated inflammasome caspase 1 cleaves pro-IL-18 and pro-IL-1b,
releasing their active forms outside the cell through the GasE pore (10,

12, 14, 16). Alternatively, the non-canonical pathway can also lead to

the formation of membrane pores through the activation of caspase 4,

5, or 11, which cleave GasD. In our study, we observed that co-culture

of Vd2 T cells withMSTO cells induced pyroptosis, as evidenced by the

expression of caspase 3, GasE, GasD, IL-18, and IL-1b, which was

confirmed through live-imaging. However, we did not observe

stimulation of caspase 4 cleavage by Vd2 T cells, suggesting that the

cleaved GasD in MSTO cells may be mediated by caspase 5, caspase 8,

or other mechanisms. While activation of pyroptosis has been

demonstrated using various small molecules, chemotherapy drugs, or

cell death inducers, this is the first instance where cell-cell interaction

leading to pyroptosis has been shown for innate immune cells,

particularly Vd2 T cells. It would be worthwhile to investigate the

cell surface proteins responsible for activating pyroptosis, as this

knowledge could provide insights into enhancing the effectiveness of

immune cell therapy by incorporating such proteins into the arsenal for

combating cancer cells.
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Directing the migration
of serum-free, ex vivo-
expanded Vg9Vd2 T cells
Kiran K. Parwani1,2, Gianna M. Branella1,2, Rebecca E. Burnham2,
Andre J. Burnham2, Austre Y. Schiaffino Bustamante1,2,
Elisabetta Manuela Foppiani2, Kristopher A. Knight2,
Brian G. Petrich3, Edwin M. Horwitz2, Christopher B. Doering2

and H. Trent Spencer2*

1Cancer Biology Program, Graduate Division of Biological and Biomedical Sciences, Emory University,
Atlanta, GA, United States, 2Aflac Cancer and Blood Disorders Center, Department of Pediatrics,
Emory University School of Medicine and Children’s Healthcare of Atlanta, Atlanta, GA, United States,
3Expression Therapeutics LLC, Tucker, GA, United States
Vg9Vd2 T cells represent a promising cancer therapy platform because the

implementation of allogenic, off-the-shelf product candidates is possible.

However, intravenous administration of human Vg9Vd2 T cells manufactured

under good manufacturing practice (GMP)-compliant, serum-free conditions

are not tested easily in most mouse models, mainly because they lack the ability

to migrate from the blood to tissues or tumors. We demonstrate that these T

cells do not migrate from the circulation to the mouse bone marrow (BM), the

site of many malignancies. Thus, there is a need to better characterize human gd
T-cell migration in vivo and develop strategies to direct these cells to in vivo

sites of therapeutic interest. To better understand the migration of these cells

and possibly influence their migration, NSG mice were conditioned with agents

to clear BM cellular compartments, i.e., busulfan or total body irradiation (TBI),

or promote T-cell migration to inflamed BM, i.e., incomplete Freund’s adjuvant

(IFA), prior to administering gd T cells. Conditioning with TBI, unlike busulfan or

IFA, increases the percentage and number of gd T cells accumulating in the

mouse BM, and cells in the peripheral blood (PB) and BM display identical

surface protein profiles. To better understand the mechanism by which cells

migrate to the BM, mice were conditioned with TBI and administered gd T cells

or tracker-stained red blood cells. The mechanism by which gd T cells enter the

BM after radiation is passive migration from the circulation, not homing. We

tested if these ex vivo-expanded cells can migrate based on chemokine

expression patterns and showed that it is possible to initiate homing by

utilizing highly expressed chemokine receptors on the expanded gd T cells. gd
T cells highly express CCR2, which provides chemokine attraction to C-C motif

chemokine ligand 2 (CCL2)-expressing cells. IFNg-primed mesenchymal

stromal cells (MSCs) (gMSCs) express CCL2, and we developed in vitro and in

vivo models to test gd T-cell homing to CCL2-expressing cells. Using an

established neuroblastoma NSG mouse model, we show that intratumorally-
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injected gMSCs increase the homing of gd T cells to this tumor. These studies

provide insight into the migration of serum-free, ex vivo-expanded Vg9Vd2 T

cells in NSGmice, which is critical to understanding the fundamental properties

of these cells.
KEYWORDS

gamma delta T cells, gamma delta T cell migration, bone marrow, blood–bone marrow
barrier, cancer immunotherapy
1 Introduction

Human gd T cells represent 1%–5% of all T lymphocytes (1). gd T
cells, which diverge from their ab T-cell counterpart that comprises

65%–70% of T cells, were discovered by their variant (V) g chain of

the T-cell receptor (TCR) (2). Variations of the g and d chains

generate different subsets of gd T cells (3, 4) with Vd1, Vd2, and Vd3
as the main subsets of gdT cells. Vd1 and Vd3 are abundant in the gut
mucosa, whereas Vd2 makes up the Vg9Vd2 subset and is the most

prominent in circulation (5). Within the peripheral blood (PB),

Vg9Vd2 T cells represent 60%–95% of the gd T cells (6) and are

considered part of both the innate and adaptive immune systems (7).

They possess potent antitumor activity, which includes the inhibition

of cancer cell proliferation and angiogenesis and the promotion of

cancer cell apoptosis (8). An important feature of these cells is their

TCR recognition of phospho-antigens (pAg) that accumulate in

cancer cells through the dysregulation of the mevalonate pathway.

Additionally, gd T cells are not restricted to major histocompatibility

complex (MHC)-mediated antigen presentation and thus do not

require priming to recognize and kill targeted cells (9–11).

It has been demonstrated that gd T cells can migrate via their

chemoattractant properties (9, 12). Activated Vd2+ T cells

upregulate C-C chemokine receptors CCR1 and CCR2 and C-X-

C chemokine receptor CXCR3, among others, and migrate to their

respective, secreted chemokine ligands (13, 14). Many cells

including epithelial cells (15), mesenchymal stromal cells (MSCs)

(16), T cells (17), and tumor cells (18) have been shown to secrete

the chemokine for CCR2, C-C motif chemokine ligand 2 (CCL2).

Importantly, the CCR2/CCL2 axis has also been implicated in

mobilizing cells to and from the bone marrow (BM) and to sites

of inflammation (19). Chemokine analysis in melanoma samples

prior to treatment identified elevated CCL2, which corresponded

with increased T-cell migration and positive response to treatment

(20). Another chemokine receptor, CXCR4, is highly expressed in

CD4+ and CD8+ T cells (21), and CXCR4 mRNA is moderately

expressed in gd T cells (22). The ligand for CXCR4, CXC motif

ligand 12 (CXCL12), is expressed by various types of stromal cells

such as the skin, lymph nodes, and the BM (23). BM inflammation

increases the secretion of CXCL12, which augments T-cell co-

stimulation, proliferation, cytokine production, and migration

(24). CD4+ and CD8+ T cells have been shown to home to
02191
inflamed BM based on the strength of the CXCR4/CXCL12 axis

(21). However, the migration of gd T cells is not as well understood.

Ex vivo-expanded gd T cells are manufactured by stimulating

peripheral blood mononuclear cells (PBMCs) with various agents

including cytokines and aminobisphosphonates (ABPs) (25–27). gd T
cells require growth factors to expand, and the cytokines interleukin-

2 (IL-2) and 15 (IL-15) are frequently added to culture conditions to

promote gd T-cell growth and enhance their antitumor properties (9,

28). Culturing with IL-15 significantly increases the expression of

cytotoxic factors such as perforin and granzyme B, and IL-2 acts as a

growth factor to increase gd T-cell yield during expansion (29, 30).

These cytokines are combined with ABP agents to further stimulate

Vg9Vd2 T cells. ABP drugs inhibit the mevalonate pathway to

produce the pAgs that activate butyrophilin in PBMCs, which

stimulate the TCR of Vg9Vd2 T cells (31, 32). Zoledronate (zol) is

a well-characterized ABP drug used alone or with IL-2 to activate

Vg9Vd2 cells. Alternatively, synthetic ABPs, such as isopentenyl

pyrophosphate (IPP) and IL-2, have been employed to expand

Vg9Vd2 T cells (27, 33, 34). In addition, ex vivo-expanded Vg9Vd2
T cells can be engineered to express chimeric antigen receptors

(CARs), which do not interfere with cellular innate killing or

antigen-presenting capabilities (35), or bispecific T-cell engagers,

for example, targeting CD19, a marker of B-cell malignancies, and

have shown effective killing of CD19+ cell lines in vitro and in vivo

(36, 37). In addition, non-signaling CARs were generated that

activate alternate killing mechanisms of the engineered cells, such

as through the receptor CD314 (NKG2D) (38).

We developed and optimized a good manufacturing practice

(GMP)-compliant method of expanding and transducing or

transfecting Vg9Vd2 T cells ex vivo (39, 40), which have been

tested against glioblastoma, neuroblastoma, and T- and B-cell

leukemias (22, 36, 41–43). The GMP-compliant expansion

protocol is being tested in ongoing preclinical and clinical trials

for several cancers. For example, a Phase I clinical trial is testing the

combination of allogeneic Vg9Vd2 T cells with chemotherapy and

the anti-GD2 antibody, dinutuximab, in relapsed or refractory

neuroblastoma (NCT05400603). Although the preclinical data for

these trials are extensive, they are confounded by the possible

differences in partitioning of these cells within in vivo models, for

example, mice, compared to the clinical setting. Several groups have

shown that modified and non-modified cells are extremely effective
frontiersin.org
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in vitro; however, we routinely identify homing to the sites of

malignancy as a limiting factor for in vivo therapeutic efficacy.

Despite their multi-faceted attributes, the Vg9Vd2 T-cell

migratory phenotype in vivo has not been well defined, especially

the migration pattern of serum-free expanded cells in NSG mice.

Thus, the goal of this study was to better understand how ex vivo,

serum-free-expanded Vg9Vd2 T cells function in NSG mouse

models, particularly their migration and homing to the mouse

BM, where systemically administered leukemias and lymphomas

develop. Here, we employed various pharmacological agents,

expansion protocols, and chemokine relationships to further

elucidate the in vivo migration properties of Vg9Vd2 T cells and

to induce cell migration to predetermined sites.
2 Materials and methods

2.1 Animal studies

All animal studies were conducted in accordance with the Emory

University Institutional Animal Care and Use Committee (IACUC)

regula t ions [protocol : PROTO201800202] . NOD.Cg-

PrkdcscidIL2rgtm1Wjl/SzJ (NSG) mice (5–7 weeks old) were purchased

from Jackson Laboratory (Bar Harbor, ME, USA) and housed in a

pathogen-free facility. Where possible, equal numbers of male and

female mice were used for all studies. gd T cells were administered

using retro-orbital injections, as this route has been well-characterized

and shown to be as effective as tail vein injections (44, 45).
2.2 gd T cells

gd T-cell expansions were performed based on our previously

published GMP-compliant protocol, which has been well-described

and utilized in several publications from our group (22, 36, 39, 46).

Whole blood was obtained from healthy donors through the

Children’s Clinical Translational Discovery Core at Emory

University, under approved Emory University Institutional Review

Board (IRB) protocol, or from Expression Therapeutics LLC (Atlanta,

GA, USA). PBMCs were isolated from fresh blood using Ficoll-Paque

Plus (GE Healthcare Life Sciences, Milwaukee, WI, USA) density

centrifugation. To preferentially select and expand gd T cells, PBMCs

were cultured in OpTmizer (Life Technologies, Carlsbad, CA, USA)

containing OpTmizer supplement (Gibco, Grand Island, NY, USA),

1% penicillin/streptomycin (HyClone, Logan, UT, USA), and 2 mM

L-glutamine (HyClone). Cells were then counted and resuspended at

a concentration of 2e6 cells/mL in fresh culture media every 3 days.

On days 0 and 3 of expansion, 5 µM zoledronate (Sigma-Aldrich, St.

Louis, MO, USA) and 500 IU/mL IL-2 (PeproTech, Cranbury, NJ,

USA) were added to the media. On day 6 of expansion, an ab
depletion was performed, described as previously published (47).

Additionally, on days 6 and 9, 1,000 IU/mL IL-2 was added to the

media. Expansion was ceased on day 12, and gd T cells were used

either fresh for experiments or frozen in PlasmaLyte A (Baxter

International, Deerfield, IL, USA) containing 5% human serum

albumin (Grifols, Barcelona, Spain) and 10% dimethyl sulfoxide
Frontiers in Immunology 03192
(DMSO) (Sigma-Aldrich). Flow cytometry was performed on days

0, 6, and 12 to confirm successful expansion. Successful expansions

resulted in cultures containing about 90% gd T cells and less than 4%

natural killer (NK) cells. The number of gd T cells was determined by

live cell counts multiplied by the percent of gd T cells derived from

flow cytometry (live CD3+ gdTCR+ cells). gd T-cell fold expansion

was determined by dividing the number of gd T cells by the number

on day 0 of expansion. Expansion results were analyzed on FlowJo

software (v10).
2.3 Cell lines

Nalm6 and Nalm6-luciferase cells were a gift from the Porter

Laboratory (Emory University). IMR5 cells were kindly provided by

the Goldsmith Laboratory (Emory University). Nalm6 and IMR5

cells were cultured in RPMI 1640 (Corning, New York, NY, USA),

10% fetal bovine serum (FBS) (Bio-Techne, Minneapolis, MN,

USA), and 1% penicillin/streptomycin (HyClone). CMK-luciferase

cells were kindly provided by the Petrich Laboratory (Emory

University) and were cultured with RPMI 1640, 20% FBS, and 1%

penicillin/streptomycin.
2.4 Human MSCs

MSCs were isolated from BM in the residua (waste) of BM

harvest collection bags obtained from healthy donors undergoing

marrow harvest for clinical indications (Children’s Hospital

Atlanta, Emory University). Where possible, equal numbers of

male and female donors were used for each study. The protocol

was classified as exempt from oversight by the Emory University

IRB. MSCs were isolated by adherence to plastic cell culture plates

(Corning), a method that has been well-documented and a standard

for isolating MSCs (48). Cells were then expanded in culture with

Dulbecco’s modified Eagle medium (DMEM) supplemented with

10% FBS, 1% penicillin/streptomycin, and 2 mM L-glutamine. In

passage 2, our MSCs met the criteria proposed by the International

Society for Cellular Therapy, and cells were maintained in culture

at ∼60% confluence in media. Media were also supplemented with 1

ng/mL IFNg (PeproTech) for 48 hours to create IFNg-primed

human MSCs (gMSCs). The resulting media were used for

conditioned medium experiments.
2.5 Tissue collection and analysis

Mouse tissue collection was performed at the endpoint of each

experiment. Mouse PB was collected using capillary tubes and

deposited in tubes containing 10% ethylenediaminetetraacetic

acid (EDTA) (Invitrogen, Carlsbad, CA, USA). Samples were

centrifuged at 2,400 ×g for 15 minutes at 4°C. The plasma layer

was discarded, and the remaining pellet was resuspended in 100 µL

phosphate-buffered saline (PBS). Three red blood cell (RBC) lysis

steps were performed by adding 3 mL RBC lysis buffer (Sigma),

vortexing, and incubating at room temperature for 10 minutes.
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Samples were centrifuged at 300 ×g for 10 minutes, and the

supernatant was discarded. After the last lysis, blood samples

were resuspended in 100 µL PBS and stained for flow cytometry.

Mouse BM was collected by harvesting femurs and tibias and

cutting off the distal bone tips. A 23G needle (BD Horizon,

Franklin Lakes, NJ, USA) was used to flush 1 mL PBS through

the bone, and the marrow was collected. Samples were centrifuged

at 300 ×g for 10 minutes. The supernatant was discarded, and the

pellet was resuspended in 200 µL PBS. Samples were transferred to

0.35-µM cell strainers (Chemglass Life Sciences, Vineland, NJ,

USA) on flow tubes. Tubes were centrifuged at 300 ×g for 10

minutes. The supernatant was discarded, and one RBC lysis was

performed. After centrifugation at 300 ×g for 10 minutes, samples

were stained for flow cytometry analysis.
2.6 Flow cytometry staining

When cells were ready for staining for flow cytometry, all samples

were washed in flow tubes with 2 mL fluorescence-activated cell

sorting (FACS) buffer. FACS buffer contains 2.5% fetal bovine serum

(Bio-Techne) in PBS (Cytiva, Marlborough,MA, USA). Samples were

centrifuged at 320 ×g for 3 minutes and decanted. Half the volume of

“live/dead” control was removed and added to the “dead” tube, which

was placed at 100°C for 2 minutes and then on ice for 2 minutes.

Dead cells were added back to “live/dead” control. An antibody

cocktail (all flow cytometry antibodies used in this study are listed in

Table 1) was generated according to manufacturers’ dilution

recommendations, along with BV buffer (BD Horizon), and 100 µL

was added to each sample. One drop of UltraComp eBeads

(Invitrogen), 1 µL antibody, and 100 µL FACS buffer were used as

compensation controls. All tubes were covered and incubated for 20

minutes on ice and vortexed at 10 minutes. Then, 2 mL FACS buffer

was added, and samples were centrifuged at 320 ×g for 3 minutes. The

supernatant was decanted post-centrifugation, and flow cytometry

was performed. Samples were run on the Cytek Aurora (Cytek

Biosciences, Fremont, CA, USA) and analyzed using FlowJo. Mean

fluorescence intensity (MFI) was calculated on FlowJo software (v10)

and graphed on GraphPad Prism software (v10).
2.7 In vivo conditioning experiment

NSG mice were conditioned with 25 mg/kg busulfan (Busulfex,

DSM Pharmaceuticals, Durham, NC, USA) intraperitoneal

injection, 300 µL incomplete Freund’s adjuvant (Millipore Sigma,

Burlington, MA, USA) 1:1 with sterile PBS via intraperitoneal

injection, or 1.5-Gy total body X-ray radiation (Rad Source RS

2000 Biological Research Irradiator). Twenty-four hours after

conditioning, each mouse was retro-orbitally injected with 8e6 gd
T cells. PB and BM were collected after 24 hours and stained for

flow cytometry with gd TCR (BD Biosciences, San Jose, CA, USA),

CD3 (BioLegend, San Diego, CA, USA), mCD45 (BioLegend),

hCD45 (BD Horizon), and CXCR4 (BD OptiBuild). Results were

analyzed on FlowJo software (v10).
Frontiers in Immunology 04193
2.8 In vivo radiation dosage experiment

NSG mice were conditioned with irradiation of 1.5 Gy or a split

dose of 6 Gy (3 Gy at 4 hours apart). The protocol was then followed

identically as the in vivo conditioning experiment described above.
TABLE 1 All flow cytometry antibodies used in this study.

Marker (all
human
unless
denoted
otherwise) Stain Company

Catalog
number

Clone/
lot
number

*CXCR4 #1 BV480 BD OptiBuild 746621
12G5/
3009131

CXCR4 #2 APC R&D Systems
FAB173A-
025 44717

CXCR4 #3 AF 647 R&D Systems
FAB172R-
100UG 44716

CXCR4 #4
APC-
Vio 770 Miltenyi

130-
116-667 REA649

CCR2 #1 BV711 BioLegend 357232 K036C2

CCR2 #2 BV786 BD OptiBuild 747855 LS132.1D9

*CD3

Spark
Blue
550 BioLegend 344851

SK7/
B311325

*CD45 BUV395 BD Horizon 563792
HI30/
2017963

*mCD45 BV510 BioLegend 103138

30-
F11/
B360620

*gdTCR PE
BD
Biosciences 347907

11F2/
2292377

*CD69 APC BioLegend 310910
FN50/
B268175

*CD335 (NKp46) BV711 BD Horizon 563043
9E2/
0321062

*TIGIT
APC-
Fire750 BioLegend 372707

A15153G/
B327004

*CD226
(DNAM-1) BV605 BioLegend 338323

11A8/
B310112

*CD56
APC-
R700 BD Horizon 565139

NCAM16.2/
1105545

*CD27 BV650 BD Horizon 564894

M-
T271/
9217315

*CD94 BV421 BD OptiBuild 743948

HP-
3D9/
1174031

*CD62L PE-Cy7 BioLegend 304821
DREG-
56/B288473

*CD314
(NKG2D)

PerCP-
Cy5.5 BioLegend 320818

1D11/
B308592
fr
Antibodies denoted with an asterisk were used in the gd T in vivo phenotype experiment.
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2.9 In vivo cell tracking

BALB/cJ mice were bled, and blood was collected in tubes

containing 10% EDTA. Cell Trace CFSE Cell Proliferation Kit

(Thermo Fisher Scientific, Waltham, MA, USA) stock solution was

prepared according to the manufacturer’s protocol by combining 18

µL DMSO to one vial of carboxyfluorescein succinimidyl ester

(CFSE). This DMSO/CFSE solution was transferred to 20 mL of

sterile PBS (CFSE/PBS solution). Blood samples were centrifuged at

250 ×g for 5 minutes, and the plasma layer was discarded. Cells were

then resuspended in PBS, and 10e6 cells per mouse were counted.

Cells were centrifuged at 250 ×g for 5 minutes. After centrifugation,

cells were resuspended in the CFSE/PBS solution at a ratio of 10e6

cells to 5 mL CFSE/PBS. Then, cells and solution were incubated at

37°C shaking at 150 RPM for 20 minutes. Samples were then

centrifuged at 250 ×g for 5 minutes. The supernatant was decanted,

and cells were washed with 5 mL PBS and centrifuged again. After the

last spin, the supernatant was decanted, and cells were resuspended at

a concentration of 10e6 cells/100 µL PBS. CFSE-stained blood was

loaded into insulin syringes and injected into NSG mice retro-

orbitally 24 hours after mice were conditioned with a split dose of

6-Gy radiation, 3 Gy at 4 hours apart. Twenty-four hours after CFSE-

blood transfusion, NSG mice were bled, and PB was collected into

tubes containing 10% EDTA. Mice were euthanized, and femurs were

collected; BM was harvested. PB samples and BM were prepared for

flow cytometry according to the tissue collection protocol and stained

with mCD45.1 (BD Biosciences), mCD45.2 (BioLegend), and

TER119 (BioLegend). Flow cytometry was then performed, and

results were analyzed on FlowJo software (v10).
2.10 gd T-cell in vivo phenotype

NSG mice were conditioned with a split dose of 6-Gy radiation

and observed for 48 hours. After conditioning for 24 hours, 8.2e6 gd
T cells were injected retro-orbitally. Twenty-four hours after T-cell

injection, 100 µL PB and BM from both femurs and tibias were

obtained from all mice. All cells from each condition were

combined and stained for various T-cell markers for flow

cytometry. Flow cytometry antibodies used in this experiment are

denoted with an asterisk in Table 1. Flow cytometry was then

performed, and results were analyzed on FlowJo software (v10).
2.11 Leukemia study

NSG mice were injected with 5e6 CMK-luciferase cells or 2e6

Nalm6-luciferase cells via the tail vein. Fifteen days post-

inoculation, bioluminescent imaging was performed by injecting

D-luciferin (PerkinElmer, Waltham, MA, USA) at a dose of 150

mg/kg via intraperitoneal injection 10 minutes prior to imaging.

Images were then quantified using the IVIS Spectrum imaging

system (PerkinElmer) for confirmation of cancer engraftment. On

day 16, mice were then retro-orbitally injected with 1e6 gd T cells.

Twenty-four hours after the T-cell injection, the spleen and both
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femurs were harvested from mice. Cells were stained with markers

for CMK, CD3−/CD33+ (BD Horizon), and Nalm6, CD19 (BD

Horizon), as well as gd T-cell markers. Flow cytometry was

performed, and the results were analyzed on FlowJo software (v10).
2.12 Intraosseous MSC/gMSC study

MSCs were primed with 1 ng/mL IFNg, and NSG mice were

irradiated with 1.5-Gy total body irradiation (TBI) on the same day.

Twenty-four hours later, 1.6e5 MSC or gMSCs were injected via

intraosseous injection into the left femur of all mice. After 24 hours,

4e6 cells were injected retro-orbitally into all mice. Twenty-four

hours post-gd T-cell injection, femurs were harvested and stained

for MSCs or gMSCs (CD90+/CD105+ both from BD Horizon) and

gd T cells. Flow cytometry was performed, and the results were

analyzed on FlowJo software (v10).
2.13 Transwell migration

Polycarbonate 6.5-mm Transwell plates with a 3.0-µM pore

(Corning Life Sciences) were used for transwell migration assays.

In the lower chamber, 600 µL media and 500,000 gMSCs or non-

primed MSCs were placed, and 500,000 gd T cells were placed

in the top chamber. Four hours after incubation, a Cellometer

(Nexcelom, Lawrence, MA, USA) was used to count the number of

gd T cells that migrated to the bottom chamber. Then, the specific

migration of cells to the bottom chamber was calculated using the

equation below.

Specificmigration =

number of cells migrated to experimental media − number of migrated to control media
total number cells added to top chamber

:

To confirm that CCL2 induced gd T-cell migration to gMSCs, a

transwell migration assay was performed using a CCL2 antibody

(R&D Systems, Minneapolis, MN, USA; MAB679-500) blockade. In

the bottom chamber, 600 µL media and 500,000 gMSCs were placed

along with 5 µg or 10 µg CCL2 antibody. In the top chamber,

500,000 gd T cells were placed. Four hours after incubation, the

Cellometer was used to count the total number of gd T cells that

migrated to the bottom chamber.
2.14 CCL2 chemokine assay

Using the Proteome Profiler Human Chemokine Kit reagents

(R&D Systems), IFNg-primed and non-primed human MSC-

conditioned media (24-hour incubation) were analyzed for the

presence of secreted chemokines. To compare chemokine relative

expression levels between activated and non-activated media,

membrane blots were developed and imaged on Blue Devil X-ray

autoradiography film (Genesee Scientific, El Cajon, CA, USA) on an

X-ray film developer (MXR Imaging, San Diego CA, USA; SRX-

101A) according to profiler kit manufacturer’s instructions.
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2.15 gd T-cell neuroblastoma model

This human neuroblastoma NSG mouse model has been

previously published by our group as a bona fide model in which

to study gd T-cell characteristics in targeting cancer (41, 46). NSG

mice were administered IMR5-luciferase cells subcutaneously.

Tumors were measured using a caliper, and when they reached

approximately 125 mm3 in volume, either 5e5 MSCs or gMSCs were

injected intratumorally. Twelve hours after, gd T cells labeled with

2.5e6 XenoLight DiR Fluorescent Dye (PerkinElmer) were infused via

the tail vein, and migration throughout the animals was determined

using the IVIS Spectrum imaging system (PerkinElmer). Isoflurane

anesthesia (Piramal, Bethlehem, PA, USA) was used during imaging.

Living Image software was used to acquire and analyze fluorescence

and bioluminescence data and then to scale for analysis. Whole-body

images were captured to determine the distribution of fluorescence

throughout the body. To quantify the fluorescence at the site of the

tumor, the lungs, head, and tail were physically covered to only

capture images of the tumor, which were used to quantify tumor-

specific fluorescence. Twenty-four hours post-gd T-cell

administration, tumors were harvested and stained for the presence

of gd T cells. Stained cells were processed via flow cytometry, and

results were analyzed on FlowJo software (v10).
2.16 RNA sequencing

Two biological replicates of two different healthy donor PBMC

samples were collected. gd T cells were isolated from donor PBMC

samples and expanded in serum free, ex vivo media. RNA was

extracted from gd T cells using the commercially available RNeasy

Micro Kit (Qiagen, Valencia, CA, USA; 74004). Sequencing libraries

were prepared using Illumina platforms. Samples were run on

Illumina NovaSeq 6000 (instrument identifier number: HWI-

ST1276) with a minimum of 20 million paired-end reads. Fastq

files were mapped and aligned to GrCh38p13 and GenCode36 using

Illumina Dragen v3.10.4a on Amazon Web Services. Quantification

of aligned samples was achieved using salmon through Illumina

Dragen v3.10.4a. Quantification files were imported into R using

tximport, low counts were filtered out, and differential expression

analysis was performed using DESeq2. Counts were averaged and

normalized, and log2 of normalized counts was ascertained and

plotted in a scatter plot using GraphPad Prism software (v10).
2.17 CCL2 ELISA

Using the Human MCP-1/CCL2 ELISA Kit (Millipore Sigma),

IFNg-primed and non-primed human MSCs were analyzed for the

presence of secreted CCL2 24, 48, and 72 hours after priming. This

assay was performed according to the manufacturer’s protocol. The

quantitative gMSC CCL2 readout (pg/mL) was compared to the

manufacturer’s standard curve and recorded at OD 450 nm using a

spectrometer (Molecular Devices, San Jose, CA, USA; SpectraMax).

CCL2 concentration was calculated and analyzed using

GraphPad Prism.
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2.18 Rigor of data/statistical analysis

All animal experiments were performed with a minimum of three

biological replicates and in accordance with the Animal Use

Alternatives (3Rs— reduction, refinement, and replacement). All in

vitro studies were performed with a minimum of three biological

replicates with the exception of the RNA-sequencing data and the

chemokine blots of MSCs and gMSCs. However, these two pieces of

data i) served as confirmation of previously published findings and ii)

were supplemented by additional experiments, which are included in

the manuscript. All statistical analyses were performed on GraphPad

Prism, and each analysis method is provided in the figure legends.

Results are presented as the mean ± standard deviation of the mean.

Statistical significance is denoted by asterisks if p< 0.05.
3 Results

3.1 TBI enhances human gd T-cell
migration to murine bone marrow

We previously demonstrated that ex vivo, serum-free-expanded

human Vg9Vd2 T cells, denoted herein as gd T cells, do not persist

in, or migrate to, murine BM (36). This is a concern because the

NSG mouse is often used in preclinical testing of cell-based

immunotherapies. Because gd T cells migrate to sites of

inflammation and tissue damage (49), in an attempt to enhance

migration of human gd T cells to murine BM, we conditioned NSG

mice with low-dose TBI (1.5 Gy), incomplete Freund’s adjuvant

(IFA), or 25 mg/kg busulfan, and we surveyed gd T-cell percentages
in the PB and BM. Radiation and busulfan are often used as

conditioning agents to clear the BM compartment and initiate

immune suppression in preparation for BM or mobilized

hematopoietic stem cell transplants (50–52). IFA has been utilized

in a prior study to boost the effectiveness of ab T-cell migration to

inflamed BM (21). Twenty-four hours after conditioning with these

agents, we intravenously infused gd T cells. Radiation significantly

increased the relative percentage of human gd T cells in the BM

compared to the PB; IFA and busulfan did not show a significant

difference in the relative percentages of gd T cells in each

compartment (Figure 1A). To further confirm that TBI increases

the percentage of human gd T cells in the BM, we conditioned mice

with 1.5 Gy or 6 Gy and administered human gd T cells.

Conditioning mice with 1.5 Gy resulted in a minor increase in

the percentage of gd T cells, and 6 Gy significantly and dramatically

increased this percentage (Figure 1B). Based on these findings, we

used 6-Gy radiation for subsequent experiments.

We then evaluated if the gd T cells entering the BM were

phenotypically different than those remaining in circulation. We

surveyed cell surface proteins using markers of gd T-cell activation,
inhibition, or enhancement of other specific properties: CD27,

CD56, CD62L, CD69, CD94, CD226, CD314, CD335, CXCR4,

and TIGIT. The expression of these markers was similar whether

the cells were in circulation or the BM, with the exception of CD69,

an activation marker of gd T cells, which was elevated in cells in the

BM (53) (Figure 1C). Importantly, the trend remained the same
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between the PB and BM of non-treated mice and irradiated mice.

Furthermore, the gd T-cell phenotype remained unchanged when

comparing in vitro cultured cells to in vivo circulating cells obtained

from the PB or BM, with the one exception of CD27. In addition,

the distribution of cells with regard to each marker in the gd T-cell

population was similar when comparing cells in the PB to cells with

those in the BM (Supplementary Figure 1). Therefore, of the

conditions tested, TBI, busulfan, or IFA, TBI is an effective

conditioning treatment to enhance migration of human gd T cells

into mouse BM, and the gd T cells entering the BM are

phenotypically unchanged from those cultured in vitro, in the PB,

or in non-treated mice.

We next determined if human leukemia cells could provide a

driving force to induce gd T-cell migration into the BM. Prior studies

from our lab using leukemia models demonstrated that gd T cells,
Frontiers in Immunology 07196
administered shortly after cancer inoculation in a mouse, do not

traffic to the leukemic BM (36, 54). Therefore, the administered T

cells do not target the BM-residing cancer, even if the T cells are

engineered to express CARs against leukemia antigens. We employed

a modified experimental design wherein we allowed time for two

different luciferase-tagged, human leukemia cell lines (CMK, acute

megakaryoblastic leukemia, and Nalm6, B-cell precursor leukemia) to

completely engraft in the BM (Supplementary Figure 2A) before

systemically infusing gd T cells. Even under high leukemic stress, gd T
cells do not enter the BM despite the presence of human

hematopoietic leukemia cells (Supplementary Figure 2B).

Furthermore, we also did not observe an overall greater percentage

of gd T cells in the spleen (Supplementary Figure 2C). Therefore, ex

vivo, serum-free-expanded gd T cells do not traffic to the BM of mice

even under a high leukemic burden.
A B

C

FIGURE 1

Human gd T cells migrate to mouse bone marrow after radiation, and their phenotype is identical to that in the in vitro-expanded cells and circulation.
Mice were conditioned with (A) 1.5-Gy radiation, 25 mg/kg busulfan, or 300 µL IFA (1:1 with PBS) or (B) 1.5 Gy or 6-Gy radiation; then, gd T cells were
administered, and 24 hours later, the percentage of gd T cells was assessed by flow cytometry (gated on CD3+ gdTCR+ cells). (A, B) Statistics analyzed by
non-parametric one-way ANOVA with post hoc (p< 0.05 = *); the sample mean is denoted with a black line; n = 3–4 mice per condition. (C) Mice were
conditioned with 6-Gy radiation and 24 hours later injected with gd T cells, and phenotype markers of live gd T cells were assessed by flow cytometry.
Each combination of samples was statistically analyzed by Student’s t-test (p> 0.05 = ns; p< 0.05 = *; p< 0.01 = **). ns, not significant. The in vitro
combinations were all non-significant except for CD27. The sample mean is denoted with a black line. In vitro data represent two biological replicates; in
vivo studies represent n = 3 mice for each condition. IFA, incomplete Freund’s adjuvant; PBS, phosphate-buffered saline.
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3.2 Homing is not the mechanism of
radiation-induced migration of gd T cells
into the bone marrow

Although increased percentages of gd T cells were observed in

the BM of TBI-treated mice, we next determined if the gd T cells

were entering the BM due to a homing/trafficking axis or passively

through the circulation. As shown in Figure 1, the phenotype of gd
T cells was similar in the BM and PB, which led us to hypothesize
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that these T cells do not home to the BM but instead passively flow

into the BM from the circulation. To test this, we stained RBCs from

BALB/cJ mice with CellTrace CFSE proliferation dye and

systemically injected them into irradiated or non-irradiated NSG

mice. We found that 6-Gy radiation did not significantly affect the

total number of cells in the PB, BM, or spleen (Figure 2A), and

radiation did not alter the percentage of CFSE+ RBCs or gd T cells in

the circulation (Figure 2B). Consistent with our previous results, we

observed radiation significantly increased the percentage of gd T
A

B

D

C

FIGURE 2

Radiation breaks down the blood–bone marrow barrier, allowing circulating gd T cells to filter into and through the bone marrow space. (A) Mice were
conditioned with 6-Gy radiation 24 hours prior to the injection of gd T cells; 24 hours after administration of gd T cells, blood, marrow, and spleen were
harvested, and cells were counted with trypan blue. (B) Mice were conditioned with 6-Gy radiation, and then 24 hours later, they were injected with 10e6 gd
T cells or CellTrace CFSE-stained red blood cells from BALB/cJ mice; blood was collected and assessed for percentage of live CFSE-tagged cells (gated on
CFSE+ TER119+ cells) or gd T cells via flow cytometry. (C) Comparison of percentage CFSE+ cells and gd T cells in non-treated or irradiated mouse blood and
marrow. All experiments in this figure were performed with n = 3 mice per condition. All statistics analyzed by Student’s t-test (p< 0.05 = *; p< 0.01 = **),
and the sample mean is denoted with a black line. (D) Graphical depiction of passive migration of circulating cells entering the bone marrow due to
radiation-induced mechanical breakdown of blood–bone marrow barrier. CFSE, carboxyfluorescein succinimidyl ester. ns, not significant.
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cells in the BM (Figure 2C). In addition, when comparing CFSE+

RBCs or gd T cells in non-treated mouse PB versus BM, we again

observed a lower percentage of gd T cells in the BM compared to PB.

However, after radiation, the percentage of CFSE-marked RBCs was

higher compared to that in non-treated mice and was similar to the

percentage of marked cells in PB. Therefore, radiation allows CFSE+

RBCs to migrate freely through the BM, as the barrier that limits

movement into the BM appears to be eliminated.

To demonstrate that TBI effects on the BM are quantitatively

different than the effects of other agents, mice were conditioned with

25 mg/kg busulfan and then systematically injected with CFSE+ RBCs

24 hours later, and CFSE+ RBCs were surveyed in the PB and BM.

The difference in the percentage of CFSE+ RBCs in the PB of non-

treated mice compared to busulfan-treated mice was insignificant

(Supplementary Figure 3A), and there was no significant difference in

the percentage of CFSE+ RBCs in the BM of non-treated or busulfan-

treated mice (Supplementary Figure 3B), a result different from that

observed with radiation, as TBI significantly increased the percentage

of gd T cells in the BM (Figure 2C).

These data show that i) the gd T-cell phenotype is the same

when comparing cells harvested from PB or BM after ex vivo-

expanded cells are administered to NSG mice; ii) the phenotype of

the cells in circulation and in the BM is similar to that of cultured gd
T cells; iii) TBI, but not busulfan, resulted in an increase in the

absolute number and percentage of gd T cells in the BM; iv) similar

to gd T cells, there are fewer CFSE+ RBCs in BM compared to the

PB, unless the mice are irradiated; and v) there was no difference in

the percentage of CFSE+ RBCs or gd T cells in the PB or BM when

mice are conditioned with TBI. Therefore, because it is known that

radiation induces the breakdown of the blood–BM barrier (55, 56),

it is reasonable to conclude that TBI allows gd T cells to passively

flow through the marrow niche, as depicted in Figure 2D.
3.3 The lack of gd T-cell homing to the BM
is, in part, due to the absence of
CXCR4 expression

When inflammation is induced in the BM, BM stromal cells

release the chemokine CXCL12, or stromal-cell derived factor-1a
(SDF-1a) (57, 58). BM-infiltrating ab T cells highly express

CXCR4, the G-protein-coupled receptor (GPCR) for CXCL12,

and migra t e to the BM based on CXCR4-CXCL12

chemoattraction (21). We show by RNA sequencing (RNA-seq)

analysis that CXCR4 mRNA was highly expressed in gd T cells (top

6% of all RNA sequenced, Figure 3A), indicating that these cells

should also migrate via the CXCR4/CXCL12 axis. Surprisingly, the

percentage of CXCR4+ gd T cells in the BM was very low regardless

of conditioning regimen (Figure 3B), and there was a slightly higher

percentage of circulating CXCR4+ gd T cells (Figure 3C). Therefore,

although the CXCR4 mRNA was high in these gd T cells, CXCR4

protein expression was low, which is consistent with previous

studies (59, 60). To further characterize CXCR4 expression and

determine if the lack of expression can be a consequence of serum-

free expansion, gd T cells were expanded from four donor PBMCs

in either FBS media (SM) or serum-free media (SFM). The
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difference in the number of gd T cells in each donor was non-

significant in expanding in SM versus SFM, although there was the

expected donor variability where some donors expanded better in

one medium compared to the other (Figure 4A). Additionally, there

was no change in the overall fold expansion (Figure 4B). The

percentage of gd T cells was higher in three out of the four

donors expanded in SM on day 6 of expansion, but there was no

significant difference in this percentage by the end of the expansion

on day 12 (Figure 4C). Overall, we did not observe significant

changes in major cell characteristics within the cellular product with

the addition of serum to our expansion protocol.

To determine whether CXCR4 expression changes in gd T cells

expanded in SM or SFM, we evaluated the CXCR4 expression in gd T

cells expanded in zol from PBMCs from three different donors and

cultured in either SM or SFM. All samples had low CXCR4 expression

regardless of culturing media, but we noted a slight, non-significant

increase in CXCR4+ gd T cells from PBMCs expanded in SFM

(Figure 4D). We confirmed these data using four different CXCR4

flow cytometry-confirmed antibody clones, withNalm6 cells as a positive

control (Supplementary Figure 4A). Furthermore, to determine if zol

impacts CXCR4 expression, we measured CXCR4 by flow cytometry on

gd T cells from PBMCs and compared it to zol-expanded gd T cells from

four different donors. CXCR4 expression was similar in all samples,

indicating that zol did not alter CXCR4 expression (Figure 4E).

Within these SF- or SFM-expanded cells, we also determined the

percentage of NK cells, CD56+ gd T cells, and CD16+ cells, which can

be markers for enhanced cytotoxicity and improved antibody-

dependent cellular cytotoxicity (61–63). The percentage of NK cells

decreased in three of the four donor samples during expansion

regardless of SM or SFM (Supplementary Figure 4B), and CD16

showed a minor increase at the end of expansion (Supplementary

Figure 4C). Lastly, the percentage of CD56+ gd T cells increased slightly

or remained the same over the course of expansion, similar in SF or

SFM (Supplementary Figure 4D). Therefore, SM does not appear to

dramatically alter the phenotype of ex vivo-expanded gd T cells.

Taken together, these data show that despite varying culturing

and manufacturing conditions, gd T cells express low levels of

surface CXCR4, the level of which is likely insufficient to induce

trafficking to the BM via the CXCR4/CXCL12 axis.
3.4 gd T-cell homing can be directed by
controlling chemokine expression

We showed that the chemokine receptor CXCR4 is not highly

expressed on the surface of Vg9Vd2 cells, which we infer may be a

mechanism for their poor migration to murine BM. This raised the

concern as to whether or not these cells can migrate via other

chemokine/chemokine receptor relationships. To determine if these

ex vivo-expanded cells can migrate via receptor/ligand interactions

and if these receptors can be leveraged to direct migration of gd T

cells to predetermined sites, we developed a model that

conditionally expresses CCL2. We previously demonstrated that

of the chemokine receptors expressed on the surface of serum-free-

expanded gd T cells, CCR2 showed the greatest expression (22). To

confirm these results, we measured CCR2 expression with two
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different flow cytometry antibody clones (Figure 5A). Additionally,

RNA-seq results using RNA isolated from gd T cells from two

different PBMC donors showed high CCR2 expression, which was

in the top 17% of RNA sequenced (Supplementary Figure 5A).

Therefore, CCR2 had high protein expression correlating with high

mRNA expression, unlike CXCR4.

It is well-established that CCR2 ligands include CCL2, CCL7,

CCL8, and CCL13 with CCL2 considered to be the major ligand (64,
Frontiers in Immunology 10199
65). We developed a model to conditionally express CCL2, which takes

advantage of chemokine expression differences when ex vivo-expanded

MSCs are treated with interferon g (IFNg) to produce gMSCs. Ex vivo-

expanded MSCs typically do not robustly express chemokines, but a

human chemokine array demonstrated that gMSCs highly secrete

CXCL9, CXCL10, CCL7, and CCL2 compared to non-primed MSCs

(Figure 5B). CCL2 secretion was specifically monitored by enzyme-

linked immunosorbent assay (ELISA), which showed that CCL2
A

B

C

FIGURE 3

gd T cells do not migrate to the bone marrow via the CXCR4/CXCL12 axis. (A) RNA-seq performed on two individual biological replicates of gd T cells
isolated from two different PBMC donors; genes were ranked, and log2(normalized counts) was calculated; CXCR4 highlighted in red. (B) Mice were
conditioned with 1.5-Gy radiation, 25 mg/kg busulfan, or 300 µL IFA (1:1 with PBS) or 3-Gy or 6-Gy radiation and then systemically infused with gd T
cells; 24 hours later, bone marrow and (C) blood were harvested and assessed for live CXCR4+ gd T cells via flow cytometry using the CXCR4 BV480
antibody. For NT, n = 2–3 mice, and n = 4 for conditioned mice (B, C). (B, C) Statistics analyzed by non-parametric one-way ANOVA with post hoc
(p> 0.05 = ns), ns, not significant, and the sample mean is denoted with a black line. RNA-seq, RNA sequencing; PBMC, peripheral blood
mononuclear cell; IFA, incomplete Freund’s adjuvant; PBS, phosphate-buffered saline.
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significantly increased as early as 24 hours after priming and continued

to increase for at least 72 hours (Supplementary Figure 5B). Therefore,

gMSCs can be used to test the chemokine-induced migration ability of

ex vivo, serum-free-expanded gd T cells by capitalizing on the high

CCL2 secretion after MSC priming.

To evaluate the migration of gd T cells to gMSCs, a transwell

migration assay was used with gd T cells in the upper chamber and

MSCs or gMSCs below (Figure 5C). Analysis of this assay showed

significantly greatermigration of the gdT cells to the gMSCs than to the

un-primedMSCs (Figure 5D). To further confirm that the trafficking is

due to the CCR2/CCL2 axis, a transwell migration assay was

performed, but a CCL2 blocking antibody was included to suppress

CCL2 interaction with CCR2. Blocking CCL2 secretion significantly

decreased gd T-cell migration to gMSCs (Supplementary Figure 5C),

indicating that these cells, indeed, show specific migration along this

chemokine/receptor axis. To determine whether gd T cells can
Frontiers in Immunology 11200
significantly migrate to gMSCs in vivo as they do in vitro, MSCs or

gMSCs were injected intrafemorally, and gd T cells were administered

systemically via retro-orbital infusion 24 hours later. gd T cells were

found to indeed migrate to gMSC BM significantly more than to MSC

BM (Figure 6A).

To further investigate the chemoattraction properties of gd T-cell

migration, a neuroblastoma NSG mouse model was developed using

IMR5-luciferase cells (Figure 6B), as we previously published (41, 46).

IMR5 tumors were established in NSGmice, andMSCs or gMSCs were

administered intratumorally. Then, DiR-labeled gd T cells were

administered intravenously 12 hours later. Tumor infiltration of gd T

cells was measured 24 hours later. Increased presence of gd T cells was

consistently observed in the tumors that harbor gMSCs (Figure 6C). In

addition, there was no difference between the percentage of gd T cells

that infiltrated the tumor when no MSCs or non-primed MSCs were

administered; however, there was a significant increase in the
A B

D

E

C

FIGURE 4

Low gd T-cell CXCR4 expression is not due to serum-free expansion. Peripheral blood mononuclear cell samples from four individual healthy donors
(n = 4 biological replicates) were selected for gd T cells expanded in serum- or serum-free media. The following parameters were determined: (A)
number of gd T cells (live cell counts multiplied by percent gd T cells derived from flow, CD3+ gdTCR+), (B) fold expansion (number gd T cells divided by
number on day 0), and (C) the percentage of gd T cells by flow cytometry gated on gdTCR+ CD3+ cells. (D) CXCR4 mean fluorescence intensity (MFI) of
gd T cells expanded in serum- or serum-free media from three healthy peripheral blood mononuclear cells (n = 3 biological replicates) calculated in
FlowJo software. Statistics analyzed by paired t-test (p > 0.05 = ns). ns, not significant. (E) Histogram of CXCR4+ gd T cells in unstained gd T cells, Nalm6
cells as a positive control, peripheral blood mononuclear cells, and four different zoledronate-expanded gd T cells (n = 4 biological replicates).
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percentage of gd T cells in the tumor when the tumors harbored gMSCs

(Figure 6D). Taken together, these data demonstrate that ex vivo,

serum-free-expanded gd T cells can migrate along chemoattractant

pathways, using chemokine receptors that, a priori, have been shown to

be upregulated at the mRNA and protein levels.
4 Discussion

There is an unmet need in the field of gd T-cell therapeutic

development to better understand the fundamental properties of

these cells, such as migration and trafficking, especially in diverse

models of cancer. In this study, we characterized various aspects of

serum-free, ex vivo-expanded human Vg9Vd2 T-cell migration in

mice and explored the use of varying methods of directing the

migration of these cells. Overall, we demonstrated that gd T-cell

migration can be influenced either through physical means, such as

the use of TBI, or by utilizing chemokine expression profiling.
Frontiers in Immunology 12201
gd T cells share many effector characteristics with ab T cells

such as cytokine production, cytotoxicity, and antigen presentation

(49). Unlike ab T cells, gd T cells are not dependent on peptide/class

II presentation and therefore can be used as an allogeneic treatment

without causing graft-versus-host disease (GvHD) (66, 67). gd T

cells can also be significantly expanded and stimulated by different

methods without compromising their antitumor properties (68).

Indeed, we and others have documented the therapeutic potential of

gd T cells, and there are now several methods for expanding these

cells under GMP conditions (22, 36, 38–43, 46). The foundation on

which these cells can be employed as anti-cancer therapeutics has

been well-documented. For example, a study surveying 18,000

tumors across 39 malignancies reported gd T cells as the most

prognostically favorable subset of tumor-infiltrating lymphocytes

(TILs) (69). Additionally, a correlation was uncovered between the

relative abundance of gd TILs and favorable response to immune-

checkpoint therapy in many cancers, highlighting an important

combination therapeutic approach (6).
A

B

DC

FIGURE 5

gd T-cell homing can be influenced by leveraging the CCR2/CCL2 axis. (A) Flow cytometry histograms depicting CCR2 expression on gd T cells with
two different CCR2 antibody clones; 7-AAD was used as a live/dead control. (B) Representative human chemokine array membrane blot surveying
secretion by MSCs from MSC- or gMSC-conditioned media. (C) Graphical depiction of the transwell migration assay with gd T cells migrating to
either MSCs or gMSCs with the respective conditioned media. (D) Specific migration of gd T cells to MSCs or gMSCs in the transwell assay; n = 3
biological replicates, statistics analyzed by Student’s t-test (p< 0.05 = *), and error bars represent standard deviation. MSCs, mesenchymal
stromal cells.
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Although we and others demonstrated the cytotoxic potential of

gd T cells and an enhancement of target cell killing when engineered

to express CARs targeting human cancers (36, 70, 71), a limiting

aspect of using these cells is the lack of migration to the sites of

tumors, such as the BM (36, 59). We surveyed varying agents that

are known to affect the BM compartment. TBI and busulfan are

experimentally and clinically used to clear the BM in preparation

for BM transplants (51), and IFA is an adjuvant described to

promote immune stimulation of ab T cells (21). We

demonstrated a significant increase in the percentage of gd T cells

entering the BM when mice are treated with TBI compared to other

conditioning agents. Furthermore, our findings indicate that the

increased migration of gd T cells to the BM is the result of increased
Frontiers in Immunology 13202
blood flow through the BM, which we postulate is caused by a TBI-

induced breakdown of the blood–BM barrier. This phenomenon is

important, as it has been shown that BM inflammation and

breakdown enhance T-cell trafficking to the BM (72, 73);

nevertheless, we show that mechanical breakdown of the blood–

BM barrier causes passive migration from circulation and is the

likely mechanism for the increased cellular accumulation.

Kuksin et al. found human CXCR4+ ab T cells home to mouse

BM via the chemoattractant relationship between CXCR4 and the

highly secreted CXCL12 by the BM stromal cells caused by

increased BM inflammation (21). We hypothesized that this

relationship should apply to gd T cells as well. However, despite

RNA-seq showing high CXCR4mRNA expression, we found our ex
A

B

DC

FIGURE 6

gd T cells can be recruited to bone marrow and tumors through chemoattractant relationships. (A) NSG mice (n = 3 per condition) were conditioned
with 1.5-Gy TBI 24 hours prior to intraosseous injection of 1.6e5 MSCs or gMSCs. After 24 hours, gd T cells were injected retro-orbitally. Twenty-four
hours later, femurs were harvested and stained for flow cytometry. The percentage of gd T cells was then calculated. Error bars represent standard
deviation. Statistical significance was analyzed by Student’s t-test (p< 0.05 = *). (B) Schematic of experiment. Mice were injected with IMR5-
luciferase cells; tumors were established, and MSCs or gMSCs were injected intratumorally. n = 3 mice per condition. Twelve hours later, DiR-labeled
gd T cells were injected via the tail vein, and migration in vivo was monitored over 24 hours through relative bioluminescence. (C) Bioluminescent
quantitative analysis of gd T-cell trafficking to tumor over 24 hours. Statistics analyzed by paired t-test with Bonferroni correction (p< 0.05 = *).
(D) Flow cytometry analysis of the percentage of gd T cells per tumor 24 hours post-infusion. Statistics analyzed by paired t-test with Bonferroni
correction (p< 0.05 = *), and error bars represent standard deviation. TBI, total body irradiation; MSCs, mesenchymal stromal cells.
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vivo, SFM-expanded gd T cells do not highly express CXCR4

protein on the cell surface. Our data are consistent with previous

findings (59), and we can conclude that the lack of CXCR4 is at least

one reason that these ex vivo, SFM-expanded gd T cells do not traffic

to the BM via the CXCR4/CXCL12 axis.

We also determined the low CXCR4 surface expression

contrasted with its high mRNA expression. CXCR4 has been

described in non-gd T cells to undergo ligand-induced

endocytosis, like other GPCRs, upon CXCL12 binding (74, 75).

CXCR4 endocytosis is then followed by ubiquitination and

degradation of the protein (76). Although this event has not been

studied in gd T cells, we initially thought that degradation of CXCR4

also occurs in gd T cells after binding to CXCL12, which would

explain why mRNA is high and surface protein is low. However,

since these cells do not traffic to the BM and interact with the

CXCL12 axis, this event cannot account for low CXCR4 levels in

our gd T cells. Nevertheless, this phenomenon is important for

future studies to i) elucidate the mRNA–protein discrepancy and ii)

engineer methods by which to increase extracellular CXCR4 and

cause gd T-cell trafficking to CXCL12. For example, recent studies

have utilized gd T-cell SFM containing the regulatory cytokine

transforming growth factor (TGF) b to stimulate T cells and

increase cytotoxicity and upregulation of chemokines (59, 77).

TGF-b was shown to increase CXCR4 on some gd T-cell

expansions and promote migration to transformed cells. Beatson

et al. demonstrated an increase in TGF-b-exposed gd T-cell

cytotoxicity of cell lines and significant clearing of cancer in vivo

compared to cells expanded in ABP and IL-2 alone (59).

Additionally, culturing gd T cells in TGF-b instead of with IL-2

alone significantly increases the gd T-cell migration to the BM (59).

Although the use of TGF-b has been documented for enhancing

the cytotoxic activity and chemokine receptor expression of gd T cells,

it has also been well-characterized as a promoter of cancer cell

epithelial-to-mesenchymal transition (EMT), cell proliferation, and

evasion of immune surveillance and is not uniformly effective in gd T-
cell expansions (78–81). Moreover, TGF-b can negatively regulate the

adaptive and innate immune systems by inhibiting important immune

cells such as NK cells, effector T cells, and antigen-presenting dendritic

cells (82). Studies have also shown that TGF-b strongly decreases key

antitumor cytolytic contributors such as NKG2D and perforin/

granzyme A and B on gd T cells while upregulating the inhibitory

molecule NKG2A (59, 77, 83). Finally, Beatson et al. observed that

cells expanded with TGF-b are cytotoxic against immortalized and

non-cancerous cells, posing a possible risk of autoimmunity and

toxicity (59). Thus, culturing gd T cells with TGF-b can possibly

enhance gd T-cell trafficking, but additional studies are needed to

understand the possible limitations of this manufacturing strategy.

One of our concerns was whether our SFM-expanded cells

retain any migratory properties. To determine whether gd T-cell

trafficking in vivo can be manipulated by inducing chemokine

expression and taking advantage of corresponding receptors

expressed on gd T cells, we demonstrated that gd T cells express

high CCR2 mRNA and CCR2 protein. MSCs cultured with IFNg
have increased secretion of the chemokines CCL2 and CCL7,

compared to secretion from non-primed MSCs. CCL2 and CCL7

are two chemokine ligands for the CCR2 chemokine receptor (64,
Frontiers in Immunology 14203
65). Therefore, we sought to examine whether CCR2+ gd T cells can

migrate to CCL2-secreting cells in vivo. Using intraosseous

injections and a human neuroblastoma in vivo model, which we

previously established (41, 46), it was shown that gMSCs

significantly recruit gd T cells compared to MSCs or a placebo,

illustrating that migration of ex vivo, SFM-expanded cells can,

indeed, be manipulated based on their chemokine receptor profile.

Though a limitation of this study and other murine studies

employing human gd T cells is the lack of long-term in vivo

persistence, this can be countered using strategies of multiple cell

infusions, which have already been clinically tested and well-tolerated

(84, 85). However, if the cells do not migrate to the malignant site,

increasing the number of cells per dose or the frequency of dosing will

not be useful. Therefore, understanding the mechanisms of migration

and basic properties of these cells remains a critical aspect of study

and is needed, as these cells are being employed clinically in

numerous cancer settings. We and others have consistently i)

demonstrated the effectiveness of gd T cells against various types of

cancer, ii) illustrated how well these cells expand ex vivo, iii)

determined their chemokine receptor expression can be

manipulated, and iv) showed that the cells retain high cytotoxic

potentials independent of HLA class II presentation. Still, we have a

fundamental lack of understanding of human gd T-cell migration in

vivo, particularly in standard animal models of cancer. We identified

important features of gd T-cell migration in vivo, which we think can

be useful for future studies. Based on these findings, it is expected that

other chemokine relationships of importance can be leveraged to

direct gd T-cell migration in vivo, providing additional therapeutic

targets, including malignant and non-malignant diseases.
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SUPPLEMENTARY FIGURE 1

gd T cell phenotype remains unchanged from peripheral blood to bone

marrow. Mice were conditioned with 6Gy radiation, 24 hours later injected
with gd T cells, and phenotype markers of live gd T cells were assessed by flow

cytometry. Representative tSNE plots from one of the three biological
replicates show protein distribution in each cell population.

SUPPLEMENTARY FIGURE 2

Human gd T cells do notmigrate tomouse bonemarrow despite the presence

of human hematopoietic-derived cell lines. NSGmice were inoculated via tail
vein with 5e6 CMK-luciferase cells (n = 3) or 2e6 Nalm6-luciferase cells (n =

3). In addition to these mice, appropriate control mice were added: no
leukemia or gd T cell control (n = 1) and gd T cell only (n = 2). (A) After 15
days, mice were surveyed via bioluminescent imaging to track cancer
engraftment in the bone marrow. Sixteen days post-leukemia inoculation,

1e6 gd T cells were systemically infused via retro-orbital injection. Twenty-

four hours after, (B) bone marrow and (C) spleen were harvested and flow
cytometry was performed to confirm presence of cancer and percentage of

gd T cells. All statistical combinations were not significant via Student’s t test
(p> 0.05 = ns). ns, not significant.

SUPPLEMENTARY FIGURE 3

Busulfan does not cause gd T cells to enter the bone marrow. Mice were

conditioned with 25mg/kg busulfan and 24 hours later were administered
with 10e6 CellTrace CFSE-stained blood from BALB/cJ mice; (A) blood and

(B) bone marrow were harvested and assessed for percentage of CFSE-
tagged cells (gated on CFSE+ TER119+ cells) via flow cytometry, n = 4 mice

per condition. Statistics analyzed by Student’s t test, and the sample mean is
denoted with a black line.

SUPPLEMENTARY FIGURE 4

gd T cells do not express CXCR4 despite differences in expansionmethods. (A)
Histogram of four different CXCR4 flow cytometry antibody clones tested
with serum-free-expanded gd T cells; the Nalm6 cell line was used as a

positive control. Peripheral blood mononuclear cell samples from four
individual healthy donors were selected for gd T cells expanded in serum-

or serum-free media. The following parameters were analyzed via flow

cytometry: (B) percentage natural killer cells (CD3- CD56+ cells), (C)
percentage CD16+ gd T cells (gated on CD3+ gdTCR+), (D) percentage

CD56+ gd T cells (gated on CD3+ gdTCR+).

SUPPLEMENTARY FIGURE 5

gd T cells express CCR2, and gMSCs secrete CCL2. (A) RNA-seq performed on

two biological replicates of gd T cells isolated from two different PBMC

donors; genes were ranked, log2(normalized counts) were calculated, and
CCR2 highlighted in red. (B) Graph of ELISA of CCL2 secretion by MSCs or

gMSCs every 24 hours for 72 hours, n = 3 biological replicates, and each
biological replicate is an average of two technical replicates. Statistics

analyzed by one-way ANOVA with post hoc (p< 0.05 = *, p< 0.01 = **,
p< 0.001 = ***). The sample mean is denoted with a black line. (C) Graph

of transwell migration assay of gd T cell migration to gMSCs treated with

CCL2 antibody, n = 3 biological replicates, and each biological replicate
is an average of two technical replicates. Statistics analyzed by one-way

ANOVA with post hoc (p<0.05 = *); the sample mean is denoted with a
black line.
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Advancements in gdT
cell engineering: paving
the way for enhanced
cancer immunotherapy
Megan Yuan †, Wenjun Wang*†, Isobel Hawes, Junwen Han,
Zhenyu Yao and Alice Bertaina*

Division of Hematology, Oncology, Stem Cell Transplantation and Regenerative Medicine,
Department of Pediatrics, Stanford University, School of Medicine, Stanford, CA, United States
Comprising only 1-10% of the circulating T cell population, gdT cells play a pivotal

role in cancer immunotherapy due to their unique amalgamation of innate and

adaptive immune features. These cells can secrete cytokines, including

interferon-g (IFN-g) and tumor necrosis factor-a (TNF-a), and can directly

eliminate tumor cells through mechanisms like Fas/FasL and antibody-

dependent cell-mediated cytotoxicity (ADCC). Unlike conventional abT cells,

gdT cells can target a wide variety of cancer cells independently of major

histocompatibility complex (MHC) presentation and function as antigen-

presenting cells (APCs). Their ability of recognizing antigens in a non-MHC

restricted manner makes them an ideal candidate for al logeneic

immunotherapy. Additionally, gdT cells exhibit specific tissue tropism, and rapid

responsiveness upon reaching cellular targets, indicating a high level of cellular

precision and adaptability. Despite these capabilities, the therapeutic potential of

gdT cells has been hindered by some limitations, including their restricted

abundance, unsatisfactory expansion, limited persistence, and complex biology

and plasticity. To address these issues, gene-engineering strategies like the use of

chimeric antigen receptor (CAR) T therapy, T cell receptor (TCR) gene transfer,

and the combination with gdT cell engagers are being explored. This review will

outline the progress in various engineering strategies, discuss their implications

and challenges that lie ahead, and the future directions for engineered gdT cells in

both monotherapy and combination immunotherapy.
KEYWORDS

gdT cells, immunotherapy, engineering, cellular therapy, cancer, CAR-T
1 Introduction

Immunotherapy has revolutionized cancer treatment, effectively integrating with

established medical practices such as surgery and chemotherapy (1, 2). This approach

boosts the immune system’s capability to target and eliminate malignant cells, thereby

increasing antitumor efficacy and minimizing off-target effects (3). Within the realm of
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immunotherapy, various strategies have been developed, including

the use of immune cells, checkpoint inhibitors, and cytokines.

Notably, T cell-based therapies, particularly Chimeric Antigen

Receptor (CAR) T cell therapy, have demonstrated significant

success against blood cancers (4). In parallel, therapies utilizing

NK cells, macrophages, and B cells are emerging as novel treatments

for solid tumors and other malignancies (5–7).

Immune cells play crucial roles in the body’s defense

mechanisms, including T cells, which are central to cell-mediated

immune responses; B cells, which produce antibodies and mediate

humoral immunity; and NK cells, which can induce apoptosis in

infected or malignant cells as part of the innate immune response

(3). Among these immune cells, gdT cells stand out for their unique

role in bridging innate and adaptive immunity (8–10). They target

and kill cancer cells without the restriction of major

histocompatibility complex (MHC) molecules, thus having a

broader recognition on cancer cells, including those deficient in

MHC class I. gdT cells are adept at secreting cytokines like

interferon-g (IFN-g) and tumor necrosis factor-a (TNF-a), and
they can directly eliminate tumor cells through mechanisms such as

Fas/FasL and antibody-dependent cell-mediated cytotoxicity

(ADCC) (11). Their ability to migrate to peripheral tissues and

respond rapidly to target cells (12), coupled with their lack of

involvement in graft-versus-host disease (GvHD) (13, 14), makes

them ideal candidates for off-the-shelf cell therapy solutions.

Furthermore, gdT cells are crucial in orchestrating anti-tumor

immune responses. They can act as professional antigen-presenting

cells (APCs) or influence other APCs like dendritic cells, thereby

enhancing the activation of abT cells and the overall immune

response against tumors (15, 16). Theproduction of cytokines,

including IL-17 and IL-22, by gdT cells plays a vital role in

shaping the tumor microenvironment (TME), thereby influencing

tumor growth in various contexts (16–23). This dual role highlights

the complexity and importance of gdT cells in tumor immunology

and fuels ongoing research into leveraging their therapeutic

potential in novel cancer immunotherapies, such as adoptive cell

therapy (ACT) (9, 24–27).

Despite their significant therapeutic promise, the clinical

application of gdT cells faces challenges. As a minor subset of T

cells, they often struggle with in vivo survival and proliferation (28),

limited persistence, and potential functional suppression upon

infiltrating the complex TME (29, 30). To overcome these

obstacles, recent advancements in gene-engineering technologies

are paving the way for optimizing the therapeutic potential of gdT
cells in cancer treatment (8, 9, 15, 28, 31, 32). By genetically

modifying these cells to express CARs or enhancing their native

T cell receptors (TCRs), their specificity and cytotoxicity against

tumor cells can be significantly bolstered. The use of genetic editing

tools like CRISPR/Cas9 to knock out inhibitory receptors or to

insert cytokine genes further enhances their proliferative and

cytotoxic capacities. Concurrently, combination therapies are

being explored to enhance the anti-tumor activity of gdT cells,

including the use of bispecific antibodies, checkpoint blockade, and

cytokine co-administration.

This review aims to deliver a comprehensive overview of

cutting-edge approaches to augment gdT cell immunotherapy. It
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delves into the biological underpinnings and inherent advantages of

gdT cells pertinent to their role in immunotherapeutic applications,

as well as scrutinizes the forefront of gene-engineering methods

being crafted to surmount existing barriers within gdT cell

treatment modalities. Additionally, the synergy of gene-modified

gdT cells with other treatment modalities is explored, informed by

recent clinical research findings. These studies will shed light on the

prospective trajectory of gdT cell immunotherapy, underscoring its

potential to significantly enhance treatment outcomes for

cancer patients.
2 Properties and functions of gdT cells

2.1 gdT cells ontogeny and gdTCRs diversity

gdT cells are the first T cell lineage to develop in the thymus and

can be observed in humans as early as 12.5 weeks of gestational age.

However, once generated, these cells will expand and mature

extrathymically, and their gene repertoire changes in response to

age (33). gdT cells derive their name from their TCRs, which are

made up of gamma and delta chains. Like abT cells, gdT cells

undergo somatic V(D)J rearrangement, a process that generates

diverse TCRs to respond to a wide range of antigens (34). However,

in contrast to abTCRs, gdTCRs allow cross-reactivity with multiple

ligands and each combination is associated with different functional

avidities (35). Despite the fact that V(D)J rearrangement of gdT cells

generates less diversity than abT cells, TCR d chains have a higher

potential of diversity at the complementarity-determining region 3

(CDR3) junction and can provide information on a person’s unique

history of infection (33, 36, 37).
2.2 Tumor targeting mechanisms

gdT cells target real and perceived immunological insults

through the production and release of soluble factors. One

example of this is when gdT cells recognize pathogen specific

antibodies and stress-induced antigens. In response, gdT cells will

produce Th1 cytokines including IFN-g and TNF-a. Subsequently,
gdT cells also release cytotoxic granules containing perforin and

granzyme, further promoting pathogen degradation (38).

Additionally, there is evidence in literature suggesting that

Vg9Vd2 cells–a subset of gdT cells (discussed in the next section)

can act as sensors of a dysregulated isoprenoid metabolism that

target specifically cancer cells (39). Moreover, several recent studies

have indicated that different subsets of gdT cells may have

remarkably different functions in targeting tumor cells (40–43).

Therefore, it is important to understand the structure and subsets of

gdT cells, which we describe in the next section.
2.3 gdT cell subsets

This section will focus on two main subsets of gdT cells: Vd1
and Vg9Vd2.
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2.3.1 Vd1 gdT cells
Vd1 T cells are primarily localized in various human tissues,

particularly abundant in the intestine, skin, spleen, and liver (44)

(Figure 1). Their properties, particularly their inherent tissue-

specific adaptations, have attracted growing interest in the context

of cancer immunosurveillance and immunotherapy applications.

Phenotypically, these tissue-resident Vd1 T cells express homing

chemokine receptors (e.g., CXCR3, CXCR6) as well as tissue-

retention markers (e.g., CD69, CD103, and CD49a) (45–47).

Intratumoral Vd1 T cells have been detected in several solid

tumors, exhibiting features of tissue-resident memory T cells

(TRM) (46, 47). There are also peripheral Vd1 cells that

preferentially express CCR5, CCR6, and CXCR3 (48).

Additionally, Vd1 T cells have private TCR repertoires and

significant TCR diversity that mainly originate from TRD

repertoires (49). They also manifest features of adaptive

immunity, including long-lasting functional memory in gdT cells

and adaptive clonal expansion, particularly in response to viral

infections (49–51). Studies demonstrate that Vd1 T cells recognize

tumor antigens or cell stress signals through gdTCR and various

activating receptors shared with NK cells. These include NK group

2 member D (NKG2D), natural cytotoxicity receptors (NCR, such

as NKp30, NKp44, NKp46), and coactivating/adhesion DNAX-

activating molecule (DNAM-1) (52–56). Their ligands are

frequently expressed on stressed neoplastic cells, for instance,

MHC class I chain-related protein A and B (MICA/B), UL16-

binding proteins (ULBP) 1-4 are common ligands for NKG2D.
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Vd1+ T cells can be directly activated through NKG2D upon the

expression of its ligand (e.g., MICA) on tumors, without the need

for overt TCR stimulation as seen in abT cells (55, 57). Moreover,

the expression of NCRs on Vd1 T cells is correlated with increased

granzyme B and enhanced cytotoxicity against lymphoid leukemia

cells (55). Evidence in the literature suggests that Vd1 T cells can

recognize stress-induced antigens including non-classical MHC

class I-like molecules, such as CD1 family (including CD1c,

CD1d), MICA/B, ULBP molecules (including ULBP3), and

annexin A2 (52–54, 58–62). Interestingly, Vd1+ T cells are less

susceptible to activation-induced cell death (AICD) compared to

Vd2+ T cells. Despite variations in their antigen recognition, both

Vd2 and Vd1 T cells share similar cytotoxic mechanisms via the

perforin/granzyme-B mediated secretory pathway and death

receptor pathways such as TRAIL/TRAIL-R, Fas/FasL (38).

Recognition of CD1d is dependent on the presence of lipid and

glycolipid on foreign antigens, suggesting that Vd1 T cells could

recognize these antigens in a lipid-dependent manner (63). Bai

et al.’s study directly demonstrates this principle of antigen

presentation of MHC and lipid recognition by Vd1 T cells (64).

However, the exact mechanism of CD1d recognition in Vd1 T cells

is still unclear and remains an area of continued investigation.

Furthermore, MICA, a stress-induced antigen, triggers

activation and expansion of Vd1 subset via NKG2D when it is

expressed on the surface of tumor cells (52–54). These cells have

also been shown to recognize ULBP3, a “kill me” signal, expressed

on leukemic B cells, suggesting an additional mechanism through
FIGURE 1

Tumor targeting mechanisms of Vd1 and Vd2. Different gdT cells activation modes by tumor cells. The tissue resident Vd1 T cells recognize cancer
cells via their specific Vd1 T cell receptors (TCRs), which bind Annexin A2 and lipid antigens presented by CD1. Besides, Vd1 T cells also use NKG2D
and natural cytotoxicity receptors (NCRs) such as NKp30, NKp44, and NKp46 for tumor cell recognition. Vd2 T cells are predominant in the
peripheral blood and can migrate into tumor tissues. Their specific Vd2 TCRs recognize BTN3A1 and BTN2A1 after the isopentenyl pyrophosphate
(IPP) accumulation. CD16 expressed by Vd2 T cells can bind therapeutic antibodies to trigger Vd2-mediated antibody-dependent cell-mediated
cytotoxicity (ADCC). In addition, both Vd1 and Vd2 T cells express natural killer receptors (NKRs), which recognize tumor cells by binding to MHC
class I chain-related protein A and B (MICA/B), and UL16-binding proteins (ULBPs). Created with BioRender.com.
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which these cells can participate in anti-tumor immune

regulation (60).

With advances in innovative isolation techniques and

deepening comprehension of Vd1 T cells, these cells hold high

promise as a potential candidate for cancer immunotherapy,

particularly as tissue-associated or tumor-infiltrating lymphocytes.

Their manipulation using well-designed cell engagers or immune

checkpoint inhibitors in situ represents an accessible and cost-

effective approach. In the future, the use of single cell sequencing/

proteomics techniques will be essential to dissect the heterogeneity

and functional plasticity of Vd1 T cells shaped by the TME, thereby

aiding their clinical implementation.

2.3.2 Vg9Vd2 gdT cells
Vg9Vd2 (Vd2) T cells are among the most studied subsets of

gdT cells, partially because these cells represent the most abundant

subset in peripheral blood (Figure 1). Vg9Vd2 cells are generally

considered as the first line of defense, forming an essential part of

the innate immunity. All Vg9Vd2 T cells consist of a public Vg9
chain and private Vd2 chain. However, Vd2 T cells can be further

divided into two subclasses (Vg9+Vd2+ and Vg9-Vd2+) that exhibit
distinct properties. Vg9+Vd2+ T cells exhibit innate characteristics,

while Vg9-Vd2+ T cells show adaptive features and undergo

pathogen-driven differentiation similar to conventional CD8+ T

cells (44, 65, 66).

Similarly, the recognition of Vd2 cells is mediated by gdTCR or

NK cell-activating receptors such as NKG2D and DNAM1. These

cells are unique due to their semi-invariant property that allows

recognition of specific antigens. Vd2+ TCRs are capable to

recognize phosphoantigens (P-Ag), non-peptide antigens that

accumulated in tumor cells due to their dysregulated mevalonate

pathway (67). The activation of gd T cells is intricately linked to the

recognition of P-Ag. This process heavily involves the proteins

butyrophilin 2A1 (BTN2A1) and butyrophilin 3A1 (BTN3A1).

BTN2A1 binds to Vg9+ gdTCRs. BTN3A1 acts as a critical

mediator by presenting P-Ag to gd T cells through its intracellular

B30.2 domain (68). This interaction is pivotal for initiating the

downstream signaling pathways that lead to gd T cell activation and

immune responses. Furthermore, Vg9Vd2 T cells have distinct

patterns of development in fetus and adults. Fetal Vg9Vd2T cells

are generated in the fetal thymus, while adult Vg9Vd2 T cells are

developed after birth in response to environmental stimuli and

expanded polyclonally by microbial P-Ag exposure (37, 69). The

CD16+ Vd2 T cells can also mediate ADCC upon binding to tumor-

specific antibodies, which is absent in Vd1 T cells (70). Additionally,

these cells can function like professional APCs by phagocytosing

and processing target antigens, then presenting them with MHC

molecules. This process, in turn, induces CD4+ and CD8+

responses in abT cells (16, 71–73).

Recent studies suggest both subclasses of Vg9Vd2 T cells play

key roles in the immune defense against pathogens and tumor cells.

The number of Vg9Vd2 T cells increases dramatically during some

infections and these cells display potent cytotoxic activity. During

stimulation with non-peptidic antigens, Vg9Vd2 T cells can be

activated via a dual mechanism involving the recognition of
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FcgRIIIa (CD16a) following the TCR-CD3 complex, which are

cell surface antigens for T lymphocytes and NK cells (74). This

activation schema belies a keystone role for Vg9Vd2 T cells in the

defense of pathological infection as well as tumorigenesis.
3 Sources of gdT cells and
their expansion strategies

3.1 Sources of gdT cells

The successful clinical application of gdT cell-based

immunotherapy must address several challenges, starting with the

selection of appropriate sources (Figure 2). Inconsistent effects of

autologous gdT cells have prompted investigators to design

standardized cell products. Because HLA-matching is not

required, fully allogeneic mismatched or haplo-identical gdT cells

sourced from healthy donors have emerged as an appealing

approach with a commendable safety profile (75, 76). A thorough

investigation into the donor’s infection history can also benefit

patient outcomes when used as a screening criterion. For instance,

the reactivation of cytomegalovirus (CMV) in patients receiving

HSCT can potentially induce the expansion of Vd2neg gdT cell

clones, which exhibit dual reactivity to CMV and acute myeloid

leukemia (AML) (77–79). Another challenge lies in determining

which gdT cell subset will be more effective for a specific tumor

considering their differing characteristics, particularly their

chemotaxis ability and tumor cytotoxicity. Up to now, the main

sources of gdT cells include cord blood, peripheral blood, skin, and

inducible pluripotent stem cells (iPSCs).

The developmental trajectory of gdT cells reveals that Vd1+
cells constitute the predominant population (approximately 50%) of

gdT cells in cord blood at birth, while Vd2+ cells typically represent

25% (80). Over time, Vg9Vd2 T cells emerge as the predominant

subset (over 75%) of the gdT cell population in peripheral blood by

adulthood, with less than 10% being Vd1+ (80). Therefore, cord

blood has been explored for its predominant expansion of Vd1+
cells, or occasional viable expansion of Vd2+ cells (81–83).

However, there are several challenges associated with the in vitro

expansion of gdT cells from cord blood, including a low number of

gdT cells (less than 1% of cord blood lymphocytes), phenotypically

and functionally immature gdT cells, and a poor response to IL-2

and phosphoantigen stimulation (80). In contrast, gdT cells isolated

from peripheral blood mononuclear cells (PBMCs) are

predominantly Vg9Vd2 (84). Due to their relative convenience

and availability, PBMCs provide easy and stable access for

expanding Vg9Vd2 T cells and viable Vd1+ cells such as Delta

One T (DOT) cells. Additionally, owing to natural tissue tropism of

Vd1+ cells, human tissues such as skin also provide an alternative

source of Vd1+ cells through enzymatic digestion or other methods

(85, 86). Despite the roles of skin gdT cells in the cutaneous

malignances such as melanoma, complex skin gdT cell subsets

necessitate a thorough investigation for therapeutic strategies (87).

In addition to gdT cells derived from donors, these cells can also

be generated from iPSCs (88, 89). Two companies, Century
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Therapeutics and CytoMed Therapeutics, have developed platforms

that enrich gdT cells from healthy donor leukapheresis and then

reprogram them into T cell-derived iPSCs (TiPSCs). TiPSCs are

engineered with CAR expression, followed by directed differentiation

into gd CAR-T cells (Figure 2) (90). During this process, the genome

characterization of a single CAR-TiPSC clone enables the production

of a highly uniform clonal gd CAR-T cell bank (> 95% CAR

expression) and minimal DNA mutation caused by engineering

(90, 91). This off-the-shelf platform provides an appealing source of

gdT cells with several benefits: overcoming quantitative limitations of

gdT, reducing the wait time for ex vivo expansion of gdT cells, and not

relying on the ex vivo expansion efficiency of PBMC-derived gdT cells

(92). Importantly, TiPSC-derived gdT cells retain cytotoxicity to solid

and blood tumor through both gdTCR and NKG2D (92). However,

this complex manufacturing process is time-consuming and needs

more evaluation on potential risks.

Overall, most of the research is adopting PBMC and cord blood

as the primary source of gdT cells. In contrast, investigations into

skin-derived and iPSC-derived gdT cells are still in the preclinical

stages. Our current understanding of the migration and colonization

of gdT cells in peripheral tissues primarily relies on research

conducted in mice. Further studies involving humans will

significantly advance our comprehension of tissue-specific gdT
cells, potentially expanding the applications of Vd1+ cells

in immunotherapy.
3.2 Strategies to expand gdT cells:
prerequisite for therapeutic infusion

The clinical-scale manufacturing of gdT cells requires robust

and highly reproducible expansion methods that meet good
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manufacturing practice (GMP) standards. Current approaches

mainly include cytokine only, synthetic p-Ag and bisphosphonate

(BP) stimulation, antibody-based expansion, and feeder cell-based

strategies as summarized in Table 1. Undoubtably, cytokine

combinations strategies simplify the manufacturing process but

often produce insufficient expansion.

p-Ag or BPs have been recognized as the most established

approaches to selectively expand Vd2+ gdT cells (9). Zoledronic

acid (ZOL), a BP, has been widely used to numerically expand

Vg9Vd2 T cells in vivo and ex vivo. ZOL can be used alone or in

combination with IL-2 to achieve these effects (115). ZOL (5 uM)

and IL-2 (1000IU/ml) administration over 14 days has been

reported to initiate an over 4000-fold proliferation and expansion

of gdT cells (mainly Vg9Vd2) from PBMCs of both healthy donors

and patients with advanced non-small cell lung cancer (116).

However, the expansion folds and purities of gdT cells vary in

different published results.

Current protocols for expanding Vd1+ T cells in vitro primarily

rely on mitogenic plant lectins such as phytohemagglutinin (PHA)

or concanavalin-A (ConA), which induce AICD in Vg9Vd2 T cells

(93, 117). To transition from the laboratory to the clinic, more

efforts have been made to avoid potentially hazardous components.

Almeida et al. first developed a clinical-grade two-step method

through combination of cytokines (IL-1b, IL-4, IL-21, and IFN-g)
and anti-CD3 mAb (clone: OKT-3) to achieve the expansion of

Vd1+ T cells (94). This method enables large-scale expansion (up to

2,000-fold) of Vd1+ T cells known as DOT cells (94). GDX012,

based on DOT cells, has been granted orphan drug designation by

FDA for AML treatment and is currently undergoing evaluation in

a phase I trial (NCT05001451). Recently, Ferry et al. also apply only

anti-CD3 mAb and IL-15 to stimulate abTCR- and CD56-depleted

PBMC, resulting in robust Vd1 cell expansion (97).
FIGURE 2

Process of engineering gdT cells. The process of engineering gdT cells involves several key steps. Common sources of gdT cells include the skin, cord
blood, and peripheral blood mononuclear cells (PBMCs), with the allogeneic pathway involving isolation from a healthy donor and the autologous
pathway involving isolation from the patient’s own cells. After isolation, gdT cells are expanded and engineered through various strategies such as the
use of chimeric antigen receptors (CARs), T cell receptor (TCR) transfer, and cell engager. Engineered gdT cells can also be derived from induced
pluripotent stem cells (iPSCs). In the next step, gdT cells go through purification to develop “off-the-shelf” engineered gdT cells. Finally, the
engineered gdT cell product is administered to patients as a form of immunotherapy. Created with BioRender.com.
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The feeder cell-based method utilizing artificial antigen-

presenting cells (aAPCs) has been explored to provide gdT cells

with a sustained activation and costimulation signal. K562, a

human chronic erythroleukemic cell line lacking MHC

expression, is primarily used as aAPCs. These cells are

engineered with costimulatory molecules (like CD80, CD86,
Frontiers in Immunology 06212
CD137) and antigens (e.g., CMV antigen-pp65), allowing for the

targeted expansion of specific gdT cell subsets (108, 118). Deniger

et al. first activated and propagated polyclonal gdT cells utilizing

K562-based aAPCs as irradiated feeders (108, 118). This method

requires the additional labor-intensive manufacturing process of

culturing feeder cells, yet it mitigates the AICD effects in gdT cells

associated with prolonged antigen exposure. Additionally,

methods of removing all residual feeder cells before infusion

remains a hurdle to clinical implementation of this approach.

To address this, several solutions have been proposed, such as

gamma-irradiation of aAPCs and the transduction of aAPCs with

an inducible suicide gene (107). The ex vivo aAPC expanded

donor-derived gdT cells are under evaluation of safety and cell

dose in a phase I/II trial (NCT05015426) in patients with high-risk

acute leukemia (104).

In the future, efforts should focus more on eliminating the use of

xenogeneic serum and feeder cells and integrating GMP/

pharmaceutical-grade reagents into the expansion process. An

example of such a method is the protocol proposed by Bold et al.

in a recently published article, which has shown better outcomes in

terms of expansion and purity (119). Further efforts can be directed

towards enhancing the rate of gdT cell expansion, optimizing the

procedure, and lowering manufacturing costs. Besides assessing

quantity, evaluating the quality of expanded gdT cells–such as

memory and exhaustion phenotypes, is crucial for maximizing

therapeutic efficacy and requires further investigations.
4 Engineering strategies: the
advances and advantages of gdT
cell-based immunotherapy

To date, the pharmaceutical industry has explored three

primary categories of strategies for gdT cell engineering, which

encompass: (1) CAR-T therapy; (2) antibody-based approaches,

such as cell engagers or bispecific antibodies; and (3) engineering or

transfer of TCRs. CAR-T therapy remains the predominant

approach, while antibody-based strategies are gaining prominence

due to several advantages. Research is ongoing to investigate

combination of therapies aimed at maximizing the unique

capabilities of gdT cells. Lists of engineering strategies and

ongoing clinical trials are presented in Tables 2, 3, respectively.
4.1 gd CAR-T cell therapy: extend from but
exceed the conventional ab CAR-T therapy

CAR-T therapy, with its potential for HLA-independent tumor

antigen recognition, has found its place as a key player in cancer

immunotherapy. Traditionally, abT cells have been the main

candidates for CAR development (150). However, despite their

effectiveness, these cells present several limitations. They are

susceptible to GvHD, can cause severe and potentially lethal

toxicities, contribute to the development of cytokine release

syndrome (CRS), and pose issues related to antigen escape (150).
TABLE 1 Comparison of different methods for gd-T cell expansion.

Source Expansion
strategy

Expand
subsets

ref

Tumor specimens Anti-MICA antibodies Vd1 (54)

Healthy donor
PBMCs and
patient derived

PHA and IL-7 Vd1 (93)

Healthy
donor PBMCs

DOT Vd1 (94)

Healthy
donor PBMCs

4–1BB Vd1 (95)

Healthy
donor PBMCs

Mitogen Con A Vd1 (96)

Healthy
donor PBMCs

anti-CD3 mAb (clone:
OKT-3) and IL-15

Vd1 (97)

Patient-derived ZOL and BrHPP Vg9Vd2 (98)

Healthy donor and
lung cancer
patient PBMCs

PTA Vg2Vd2 (99,
100)

PBMCs IPP and IL-2 Vg9Vd2 (101)

Healthy
donor PBMCs

Aminobisphosphonates Vg9Vd2 (102)

Healthy
donor PBMCs

IL-2 and IL-15 Vg9Vd2 (84)

Healthy
donor PBMCs

IL-2 or IL-15
combined with TGF-b

Vg9Vd2 (103)

Healthy
donor PBMCs

Costimulation of ZA
and IL-2 in addition
to aAPC

Vg9Vd2 (104,
105)

Healthy
donor PBMCs

Vitamin C with IL-2,
ZOL, and HMBPP

Vg9Vd2 (106)

Healthy
donor PBMCs

CD40L/pp65 and
pp65 aAPCs

Polyclonal with
predominant
Vd1 phenotype

(107)

Healthy
donor PBMCs

K562 feeder cells Polyclonal gd (108,
109)

Healthy
donor PBMCs

OKT3 Polyclonal gd (110)

Healthy
donor PBMCs

anti-TCRgd antibody Both (111,
112)

PBMCs ZOL Not specified (113)

Healthy
donor PBMCs

ZOL, IL-2, and IL-18 Not specified (114)
aAPCs, artificial antigen-presenting cells; BrHPP, bromohydrin pyrophosphate; Con A,
concanavalin A; DOT, Delta One T; HMBPP, (E)-4-hydroxy-3-methyl-but-2-enyl
pyrophosphate; MICA, MHC class I chain-related protein A; NB, neuroblastoma; OKT3,
anti-CD3 antibody; PHA, phytohemagglutinin; PTA, tetrakis-pivaloyloxymethyl 2-(thiazole-
2-ylamino) ethylidene-1,1-bisphosphonate; ZOL, zoledronate.
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TABLE 2 Different strategies for engineering gdT cells.

Product gdT Source Subsets Disease
Transduction
methods

Ref

CAR-T

ADI-002 (Allogeneic GPC3-CAR-gdT Cell)
Healthy
donor PBMCs

Vd1 Solid tumors g-retrovirus
Adicet Bio,
Inc (120)

ADI-925 (Enhanced intracellular DAP10 chimeric
adaptor protein)

Donor PBMCs Vd1 Hematologic and solid tumor –
Adicet Bio,
Inc (121)

ADI-270 (CD27-derived CAR-gdT)
Healthy
donor PBMCs

Vd1 CD70+ cancers – Adicet Bio, Inc

NKG2DL-targeting CAR Vg9Vd2T
Autologous/
Allogeneic
PBMC

Vg9Vd2 Solid tumors
mRNA
electroporation

(122)

ns19CAR gdT
Healthy
donor PBMCs

Vg9Vd2 B cell leukemias Lentivirus IN8bio (123)

TMZ and MGMT-modified gdT cells
Healthy
donor PBMCs

Vg9Vd2 Glioblastoma Lentivirus (124)

gdCAR-T cells
Healthy
donor PBMCs

Not
specified

Leukemia Retrovirus (125)

BCMA—Specific CAR
Healthy
donor PBMCs

Vg9Vd2 MM
mRNA
electroporation

(126)

ACTallo®
Healthy
donor PBMCs

Vg9Vd2 N/A
CRISPR
gene editing

Immatics

MUC1-Tn-targeting CAR-Vg9Vd2T cells
Healthy
donor PBMCs

Vg9Vd2 Solid tumors Lentivirus (127)

Vd1 T cells engineered with a GPC-3 CAR and
sIL-15

Healthy
donor PBMCs

Vd1 HCC Retrovirus (128)

CD5-NSCAR- and CD19-NSCAR-gdT cells
Healthy
donor PBMCs

Vg9Vd2 T-ALL and B-ALL Lentivirus (129)

iPSC-derived gd CAR-T (gd CAR-iT)

Allogeneic gdT
cell-
derived iPSCs

Vg9Vd2 Hematological and solid tumors
CRISPR
gene editing

Century
Therapeutics (90)

CNTY-102 (iPSC-derived gd anti-CD19 and CD22
CAR-T)

Not
specified

relapsed, refractory B-cell
lymphoma and other B-
cell malignancies

CRISPR
gene editing Century

Therapeutics
CNTY-107 (iPSC-derived gd anti-Nectin-4
CAR-T)

Not
specified

Solid tumor
CRISPR
gene editing

Anti-GD2 Co-stimulation-Only CAR
Healthy
donor PBMCs

Vg9Vd2 Neuroblastoma Retrovirus (130)

CD123-specific CAR
Healthy
donor PBMCs

Vg9Vd2 AML
mRNA
electroporation

(131)

CD5 -non-signaling CAR (NSCAR),
CD19-NSCAR

Healthy
donor PBMCs

Vg9Vd2 T-ALL and B-ALL Lentivirus (129)

T cell engager and bispecific Abs

CD40-bispecific gdT cell engager N/A Vg9Vd2 B-cell malignancies N/A (132)

CD1d-specific Vg9Vd2-T cell engager N/A Vg9Vd2 CLL N/A (133)

Bispecific Antibody Targeting Both the Vg2 TCR
and PD-L1

N/A Vg9Vd2 Solid tumors N/A
(134), Wuhan YZY
Biopharma Co., Ltd

GADLEN (bispecific gd T cell engagers containing
heterodimeric BTN2A1/3A1
extracellular domains)

N/A Vg9Vd2 B-cell lymphoma N/A Shattuck

Her2/Vg9 antibody N/A Vg9Vd2 Pancreatic cancer N/A (135)

(Continued)
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These challenges have spurred an interest in alternative solutions,

with gdT cells showing potential to offset these limitations.

Given the wealth of limitations associated with abT cells, gdT
cells are garnering interest as an alternative for CAR-T therapy.

These cells do not instigate GvHD, curb antigen escape resulting in

decreased relapse rates, and retain beneficial traits such as a less

differentiated phenotype with enhanced antigen presentation

capacity (125, 151). With these advantages, gd CAR-T cells may

have the potential to overcome the obstacles that have historically

troubled conventional ab CAR-T therapy.

The primary goal of CAR design is producing extracellular

domains capable of targeting unique tumor cell antigens while

sparing healthy tissues (150, 152). Owing to the deficit of tumor-

specific antigens, lineage-specific antigens have been a key focus in

CAR T cell development. Under investigation are promising

candidates like CD19 (153, 154), GD2 (130, 155), GPC-3 (128),

CD123 (131, 156), CD5, CEA, CD20 (10), B7H3 B7H3 (157), and

PSCA (151) (Table 2). While CD19-targeting CAR-T products have

earned FDA approval for treating B-cell lymphoma and leukemia,

they carry risks, like CRS, neurotoxicity, and B-cell aplasia,

primarily due to on-target off-tumor toxicities (152, 153).
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Interestingly, gd anti-CD19 CAR-T cells have been reported to

produce fewer inflammatory cytokines compared to their ab
counterparts, suggesting a potential decrease in cytokine-mediated

side effects (90).

However, the optimization of CAR for highly specific antigen

recognition remains vital. Recent studies have investigated the

incorporation of ligands like NKG2DL and inhibitory receptor

programmed cell death ligand 1 (PD-L1) into CAR constructs to

improve safety or efficacy (158). Some attempts have even added T

cell antigen coupling (TAC) components to gdT cells, thereby

redirecting them to target tumors with reduced off-tumor toxicity

compared to conventional CAR-T cells (159, 160) (Figure 3D).

Adicet Bio is working on CAR designs that target tumor

intracellular antigens using their TCR-Like monoclonal antibodies

(TCRLs) technology (91).

Clinical trials are in progress for CAR-gdT cells targeting

various antigens such as CD19 (NCT02656147, NCT05554939),

CD20, NKG2DL, CD7, CD33, CD28, and CD123 (Table 3). While

many of these trials have yet to disclose their results, some

promising preliminary findings have been reported. For instance,

Adicet Bio, Inc. is testing an allogeneic CD20 CAR+ Vd1 gdT cell
TABLE 2 Continued

Product gdT Source Subsets Disease
Transduction
methods

Ref

T cell engager and bispecific Abs

Anti-TRGV9/anti-CD123 bispecific antibody N/A Vg9Vd2 AML N/A (136)

EGFR-Vd2 bispecific T cell engager N/A Vg9Vd2 EGFR-Expressing Tumors N/A (137)

TCRs engineering or transfer

gdT cells transduced with the abTCR and CD8
ab genes

Healthy
donor PBMCs

Vg9Vd2 MAGE-A4-expressing tumor Retrovirus (138)

abTCRs engineered gdT cells
Healthy
donor PBMCs

Not
specified

Leukemia Retrovirus (139, 140)

TCR transfer combined with genome editing
Healthy
donor PBMCs

Vg9Vd2 B cell leukemias
CRISPR/Cas9
Lentivirus

(141)

KK-LC-1-specific TCR-transduced gdT cells
Healthy
donor PBMCs

Not
specified

Lung cancer Retrovirus (142)

NKT cell TCR-transfected gdT cells
Healthy
donor PBMCs

Vg9Vd2 Not specified Electroporation (143)
AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; EGFR, epidermal growth factor receptor; HCC, hepatocellular carcinoma; MAGE-A4, melanoma antigen-A4; MM, multiple
myeloma; T-All and B-All, T and B cell acute lymphoblastic leukemia. N/A, not applicable.
TABLE 3 Summary of ongoing clinical trials of engineered gdT products.

Product
Source
& subset

Disease
Clinical
Trial ref

Phase Outcome Company

CAR-T therapy

ADI-001 (Anti-CD20
Allogeneic Gamma Delta
CAR-T)

Leukapheresis from
healthy donor (Vd1)

B cell malignancies NCT04735471 I
No GvHD; 3/6 patients
had AESIs

Adicet Bio, Inc
(10, 144)

ADI-001 Allogeneic Lymphoma NCT04911478 N/A N/A Adicet Bio, Inc

(Continued)
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TABLE 3 Continued

Product
Source
& subset

Disease
Clinical
Trial ref

Phase Outcome Company

CAR-T therapy

CD19-CAR-gdT cells Allogeneic B Cell Malignancies NCT02656147 I N/A
Beijing Doing
Biomedical Co., Ltd.

CD19-CAR-gdT cells Allogeneic NHL NCT05554939 I/II N/A
Chinese PLA
General Hospital

Allogeneic NKG2DL-
targeting CAR gdT Cells
(CTM-N2D)

PBMC from
healthy donor

Advanced Solid Tumors
or
Hematological
Malignancies

NCT05302037 I N/A
CytoMed
Therapeutics Pte Ltd

NKG2DL-targeting CAR-
grafted gdT Cells

Haploidentical/
Allogeneic

Solid Tumor NCT04107142 I N/A

Universal Dual-target
NKG2D-NKp44 CAR-
T Cells

N/A Advanced Solid Tumors NCT05976906 I N/A Zhejiang University

CD7-CAR – gdT Cells Unknown
CD7+ T cell-derived
malignant tumors

NCT04702841
Early
Phase 1

N/A
PersonGen
BioTherapeutics
(Suzhou) Co., Ltd.

Generation of CD33-CD28
gdT Cells

Vd2 from peripheral
blood and
bone marrow

AML NCT03885076 N/A N/A TC Biopharm

Universal CAR-gdT Cell
Injection targeting CD123

Allogeneic AML NCT05388305 N/A N/A
Hebei Senlang
Biotechnology
Inc., Ltd.

Universal CAR-gdT cell Allogeneic AML NCT04796441 N/A N/A
Hebei Senlang
Biotechnology
Inc., Ltd.

Cell engager and bispecific antibodies

LAVA-051 (Vg9Vd2-T cell
engaging
bispecific antibody)

N/A CLL, MM, AML NCT04887259 I/IIa
Dose level of 45µg without
CRS or DLTs

LAVA Therapeutics
(145)

LAVA-1207 (bispecific
Vg9Vd2-T cell engager)

N/A Prostate Cancer NCT05369000 I/IIa
Dose level of 40µg without
DLTs;
3/8 patients SD at 8 weeks

LAVA Therapeutics
(146)

ET019003 (anti-CD19 Fab
- TCR-gdT cells)

N/A
CD19+ Leukemia
and Lymphoma

NCT04014894 I
50% (6/12) complete
response and 33% (4/12)
partial response

Wuhan Union
Hospital, China
(147)

ACE1831 (allogeneic
aCD20-conjugated Vd2
T cells)

PBMC from
healthy donor

Relapsed/ Refractory
CD20-expressing B-
cell Malignancies

NCT05653271 I N/A
Acepodia Biotech,
Inc.
(148)

ICT01 (anti-
BTN3A antibody)

N/A
Advanced solid or
hematologic tumors

NCT04243499 N/A
Dose level of 700µg without
CRS or DLTs in 6/6 patients

ImCheck
Therapeutics

TCRs engineering or transfer

GDT002 (Vg9Vd2TCR-
bearing abT cells)

PBMC from
healthy donor

Multiple myeloma NCT04688853 I/II N/A GADETA

Combination therapy

INB-200 (MGMT
modified gdT +TMZ

Autologous Glioblastoma NCT04165941 I
No CRS, DLTs, or ICANS
in 15/15 patients

In8bio Inc.
(149)

INB-400 (MGMT
modified gdT +TMZ)

Autologous/
allogeneic

Glioblastoma NCT05664243 Ib/II N/A In8bio Inc.
F
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AESIs, adverse events of special interest; AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; CRS, cytokine release syndrome; DLBCL, diffuse large B cell lymphoma; DLTs, dose
limiting toxicities; ICANS, immune effector cell-associated neurotoxicity syndrome; MM, multiple myeloma; NHL, non-Hodgkin lymphomas. N/A: not applicable.
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called ADI-001, designed for patients with refractory B cell

malignancies (NCT04735471). Their early report shows a 71%

overall response rate and 63% complete response rate among

patients with aggressive B-Cell non-Hodgkin lymphoma, all

without the presentation of GvHD (91).

One challenge with CAR-T therapy is its potential

ineffectiveness in tumors exhibiting heterogeneity or low antigen

expression. Dual-specific CARs, which target two antigens

concurrently, are proposed as a potential solution, although this

requires further investigation (161). Other research focuses on fine-

tuning other CAR components, including the intracellular signaling

and transmembrane domain, with construction of Boolean logic

gates for combinatorial antigen sensing. Balancing the DNA length

of dual-CAR plasmids and transduction efficiency necessitates

further study.

Recent innovative extracellular designs aimed at enhancing

safety also include the development of ON/OFF switches like the

masked CAR. Here, the antigen-binding site of CAR is coupled with

a masking peptide through a protease-sensitive linker. Activation of

masked CAR-T cells occurs when tumor microenvironment

proteases cleave this linker, causing the masking peptide to

detach, and revealing the antigen-binding site (162) (Figure 3C).

In essence, this provides a level of control, reducing risks associated

with unregulated CAR-T activation (162).

To sum up, while there are promising advancements in the

development of gdT cell-based CAR-T therapies, it is critical to

continue fine-tuning these interventions for increasing specificity

and safety. A combination of innovative design strategies and

rigorous clinical trials may bring forth the next generation of

cancer immunotherapies. The hope is for these novel treatments

to cure more patients, more reliably, with fewer side effects,

revolutionizing the approach to cancer treatment.

4.1.1 Co-stimulatory domain design and
combinatorial strategies: emphasize the unique
characteristics of gdT cells

Over the years, CARs have progressed through several

generations, differentiated by the quantity and nature of their co-

stimulatory domains, like CD28 and 4-1BB, which play a pivotal role

in gdT cell activation and cytotoxic function (163) (Figure 3A). Initial

designs of CAR gdT cells were largely based on pre-existing CAR-

abT designs, failing to capitalize on the unique benefits of gdT cells

due to a dearth of knowledge on the fundamental CAR signaling

mechanisms in gdT cells. CAR-abT cells recognize tumor cells

through the CAR pathway while completely bypassing the abTCR.
Meanwhile, in CAR-gdT cells, the inherent gdTCR signal can

synergize with logic-gated CARs, providing MHC-independent

cytotoxicity and downstream CD3z signals. Besides, CAR-gdT cells

retain multiple activating NK receptors alongside CAR and TCRgd,
potentially enhancing recognition and activation. In the tumor

immunoescape setting, CAR-gdT cells have been proved the ability

to recognize antigen-negative tumor cells in CAR-independent

manner (125). CARs designed for gdT cells can also incorporate

gdT cell-specific signaling domains, such as NKG2D-DAP10, as an

intracellular costimulatory domain for activation. Despite this

development, contemporary research on CAR gdT cells
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predominantly employs second or third-generation designs. It has

been observed, though, that single antigen recognition in these CARs

leads to poor discrimination between tumor and healthy cells,

contributing to on-target off-tumor toxicity. Furthermore, CAR-T

cells exhibit strong limitations in treating T cell malignancies due to

difficulties like lethal T cell aplasia and CAR-T cell fratricide

stemming from shared target antigens (129). Even extending CAR

T cell therapies to T cell acute lymphoblastic leukemia (T-ALL) has

proven challenging, despite shared molecular commonalities with B

cell acute lymphoblastic leukemia (B-ALL).

Moreover, CARs providing both CD3z stimulus and CD28 co-

stimulation are prone to tonic signaling, leading to functional

exhaustion and impaired CAR-T cell function. A unique

construct called ADI-925 has been developed by Adicet Bio to

help tackle this. It incorporates an enhanced intracellular DAP10

chimeric adaptor (CAd), 4–1BB, and a modified CD3z co-

stimulation, designed to enhance tumor targeting through

endogenous NKG2D receptors (121, 164) (Figure 3B).

Novel strategies are also emerging, employing Boolean logic

gates (like AND, OR, AND NOT) enabling CAR-T cells to detect

multiple antigens, reducing off-tumor toxicity and minimizing

potential antigen escape (Figures 3E, F). Dual-targeting CAR gdT
cells, like those targeting GD2 and PTK7 in preclinical studies for

neuroblastoma, were developed to help avoid antigen escape

through an OR-gate strategy) (165). Though promising, tandem

bispecific OR-gate CAR-T cells may induce excessive CD3z
signaling during co-stimulation, necessitating alternative

strategies (165).

Bi-specific CARs with split co-stimulatory signals and a shared

CD3z domain have emerged as another strategy, allowing for

optimal CAR-T cell activation only when both antigens are

simultaneously present (161, 166). Furthermore, ideas like

chimeric costimulatory receptors (CCRs), also known as

recognition-based logic-gated CAR, and non-signaling CARs

(NSCARs) have been proposed to mitigate on-target off-tumor

toxicity (123, 129). CCRs, traditional CARs without CD3z
signaling domain, provide co-stimulation whilst avoiding tonic

CD3z signaling of gdT cells. Thus, these reduce on-target off-

tumor toxicity by separating co-stimulatory input from the

primary TCR signal (129). Moreover, CCRs have the potential to

target malignant cells while sparing healthy tissues in scenarios

where the target antigen is broadly expressed (123, 129). Fisher et al.

developed a co-stimulation-only CAR, wherein the CAR is fit only

to provide co-stimulation, thereby restricting tonic signaling but

still facilitating rapid downstream response upon activation (164).

Concurrently, CAR-gdT cytotoxicity can be selectively triggered by

both the CAR signal and the inherent gdTCR signal when

encountering cancer cells (130). CCR can also function as a

switch chimeric receptor combined with a second-generation

CAR (Figure 3B). The switch receptor typically includes an

inhibitory receptor (e.g. PD-1 or TIGIT) and an intracellular

costimulatory signal (167). For instance, the PD-1-CD28

construct as anti-PD-L1 CCR can potentially convert the

inhibitory signal into an activating one (167). Such a design can

accelerate activation of CAR-T cells and improve their survival in

the immunosuppressive tumor microenvironment (167, 168). On
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the other hand, NSCARs capitalize on gdT cells’MHC-independent

cytotoxic capacity while eliminating all CAR signaling domains

(129). This results in antigen-specific tumor cell-targeting capability

without influencing T cell activation, as demonstrated by Fleischer

et al. with CD5-NSCAR- and CD19-NSCAR-engineered gdT cells,

designed specifically for T-ALL and B-ALL relief (129).

Despite the promise of these technologies, factors like NSCAR

shedding on gdT cells and antigen downregulation in target cells have

somewhat limited their translational application in clinical therapies.

Additionally, the necessity of intracellular signaling domains in CAR

design is being reconsidered when applied to gdT cells. Deletion of

these domains can potentially allow for the transduction of multiple

NSCARs, due to a decrease in overall CAR size.
Frontiers in Immunology 11217
In conclusion, recent years have seen significant expansion in

the approaches to T cell engineering, including innovations such as

synNotch receptors, iCAR, and several others (158, 169). However,

the design and development of CARs for gdT cells haven’t kept

pace. A deeper understanding of gdT cell cytotoxicity mechanisms

and further research into these novel CAR structures will be critical

in achieving maximum safety and efficacy, thereby unlocking the

full potential of CAR gdT cell therapies.

4.1.2 CAR transduction methods
The primary methodologies for CAR-T therapy involve

permanent DNA-based transfection methods that include viral

transduction (using lentiviruses or retroviruses) and non-viral
FIGURE 3

Established strategies for CAR- gdT cells. Single-antigen CAR recognition: (A) Conventional CARs are classified as first-, second-, third-, or fourth
generation depending on their number of costimulatory domains. (B) Innate enhanced DAP10 chimeric adaptor (CAd), combined with 4–1BB and
modified CD3z co-stimulation, enhances tumor targeting through endogenous NKG2D receptors. (C) The masked CAR (mCAR) incorporates a
masking peptide. When proteases are present in the tumor microenvironment (TME), the linker is cleaved, releasing the masking peptide, and
activating the CAR. This mechanism helps reduce on-target off-tumor toxicity. (D) A T cell antigen coupler (TAC) is also designed to reduce toxicity
and promote more efficient anti-tumor response. It is comprised of a tumor-associated antigen (TAA) binding domain, CD3 binding domain, and
CD4 co-receptor domain. Combinatorial antigen CAR recognition: (E) OR-gate CARs enable dual-targeting of antigens with separate single-chain
variable fragment (scFv) domains. To prevent antigen escape, they can be designed to have two consecutive scFv domains connected to the
standard CAR chassis. (F) AND-gate CARs are only activated when both antigens are present simultaneously, employing two separate receptors
comprising the CD3z and costimulatory domains. A chimeric costimulatory receptors (CCR)-based AND-gate has its CD3z signaling domain from a
gdTCR and can target multiple antigens which can enhance cytotoxicity and prevent tonic CD3z signaling. CCR can also be paired with a switch
receptor which can be an inhibitor receptor such as programmed death-1 (PD-1) along with a costimulatory domain like CD28. Non-signaling CARs
(NSCARs) do not possess signaling domains and utilize an antigen-specific tumor targeting mechanism. Created with BioRender.com.
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transfection, typically utilizing transposon systems like Sleeping

Beauty and Piggy Bac (170) (Table 2). While lentiviruses and

retroviruses are commonly used, concerns about their safety,

predominantly due to their immunogenic properties, and their

complex and costly manufacturing processes may limit their utility.

Despite these concerns, retrovirally-modified CAR-T cells have

proven tolerable safety profiles in extensive clinical trials (171).

However, the transduction of gdT cells has been challenged due to

their relatively limited proliferation and susceptibility to AICD

compared to that of abT cells (172). Gammaretroviruses

necessitate active cell proliferation for the penetration of viral

nucleic acids into the nucleus. This poses a challenge for the

transduction of gdT cells compared to abT cells, demanding

necessary specific proliferative stimuli for effective gdT cell

transduction (172).

Simultaneously, advancements are being made in non-viral

technologies to address some drawbacks associated with viral

transductions, such as potential oncogenesis, immunogenicity,

and high cost (170). Non-viral transposon vectors possess simpler

manufacturing processes, cost efficiency, enhanced safety, stable

integration of large sequence (>10 kb), but often face efficiency

challenges (173). These non-viral integrative vectors rely on

temporary cell pore formation or endocytosis, accomplished via

various chemical or physical techniques, including electroporation

and liposomes (174).

More recently, non-permanent gene transfer methods that

utilize non-integrating gene delivery like mRNA-based CAR

expression have started to gain traction (154). The utilization of

mRNA in CAR-T cells allows for a “biodegradable” approach, in

which the cell’s potency is short-term. The use of mRNA

electroporation was first applied in early stages of ab CAR-T

development, but initial clinical trials indicated a lack of efficacy,

potentially due to the poor quality and quantity of patient-derived

autologous abT cells (NCT02623582). This led researchers to

explore the use of allogeneic Vg9Vd2 T cells from healthy donors.

Investigations revealed that after mRNA electroporation, CAR

expression persisted for up to 120 hours, with peak expression at

the 24-hour mark (175). Enhanced anti-AML activity of mRNA-

based anti-CD123 gd CAR-T was observed both in vivo and in vitro

(131). Despite these promising results, the transient nature of

receptor expression means that further applications may need to

employ strategies such as repeated or intratumoral injections to

ensure therapeutic efficacy. Future advancements in CAR gdT cell

therapy may favor non-viral integrating and lipid nanoparticles

technological platforms (170).

In the domain of hematological malignancies, CAR gdT cell

therapy holds formidable promise. However, the development of

universal CAR gdT cells capable of effectively treating solid tumors

remains a pressing need, necessitating ongoing research to overcome

the physical and immunological challenges associated with solid

tumor immunity. Given the unique stimulatory signals and

recognition mechanisms of gdT cells, it is evident that the design of

CARs for these cells needs to undergo revisions and refinements as

our understanding of their biological mechanisms deepens. In

essence, while there has been substantial progress in the field of

CAR gdT cell therapy, future work that ensures the safety, efficacy,
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and broad applicability of this promising therapy modality, especially

in the context of solid tumors, remains a critical need in the field.
4.2 Cell engagers or bispecific antibodies:
easier ways to enhance gdT
cells recognition

Cell engagers and bispecific antibodies have become an

increasingly attractive immunotherapeutic method for enhancing the

anti-cancer activity of gdT cells. Bispecific T cell engagers (bsTCEs) are

specially designed antibodies, each having two separate binding areas

aimed at individual components like tumor-associated antigens

(TAAs) and the TCR complex (Vd2 or Vg9) (176). The flexibility of

bsTCEs allows for varied applications, such as MHC-independent

targeting of TAAs by gdT cells, immune checkpoint modulation, and

controlling inflammatory and other signaling pathways (176). These

functionalities provide several unique advantages, including their small

molecular size and high versatility, eliminating the need for additional

co-stimulatory signals for T cell activation, low picomolar range for the

half-maximal effective concentration (EC50), effectiveness against both

blood-borne and solid tumors, excellent safety profile, and efficient and

cost-effective production (177). Most frequently, cell engagers

incorporate a fragment-based design or lgG/lgG-like formats (136,

137). Fragment-based designs principally modify constructs such as

scFv (178), Fab (135), or single-domain antibodies (sdAbs, also known

as VHH) (176) into their binding regions (Figures 4A-C). sdAbs,

originating from the variable domain of heavy-chain-only antibodies,

have attracted attention because of their unique features, including

small size, target specificity, and minor immunogenicity (179).

Currently, cell engagers can be applied both as stand-alone therapies

and in partnership with allogeneic gdT cells to generate readily

available products.

The first CD3-targeting bsTCEs, exemplified by blinatumomab

and Tebentafusp, yielded significant positive outcomes in B-cell

malignancy and melanoma patients during clinical trials

(NCT03070392) (180). However, adverse effects like CRS and

immune effector cell-associated neurotoxicity syndrome (ICANS)

constrained their clinical usage (177). Further, CD3-targeting

bsTCEs may unintentionally activate other CD3+ T cell subsets,

which could depress tumor-specific immune responses (137). As a

category of innate T cells, gdT cells present a logical choice for

engagement to reduce CRS and off-tumor toxicity.

The successful usage of bsTCEs in LAVA Therapeutics’

Gammabody platform, employing tandem single-domain

antibodies (VHHs) (Figure 4D), exemplifies their potential. These

include EGFR-Vd2, CD1d-Vd2, CD40-Vd2, and PSMA-Vd2
bsTCEs (Table 3). EGFR-Vd2 bsTCEs have displayed compelling

activation of Vg9Vd2 T cells which induce cytotoxicity against

EGFR+ tumor cells (137, 154). The CD1d-Vd2 bsTCE, or LAVA-

051, has shown anti-tumor potential against hematological

malignancies expressing CD1d in preclinical models (176). Its

specificity for NKT and Vg9Vd2-T cells, alongside low-nanomolar

range EC50 values in vitro, further demonstrates its potential (176).

Bispecific antibodies (bsAbs) comprise a class of engineered

antibodies with two distinct binding sites, setting them apart from
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traditional antibodies (181) (Figures 4D-F). These antibodies, as

exemplified by anti-Vg9/CD123 bsAbs, selectively rally Vg9+ gdT
cells, promoting cell conjugate formation between gdT cells and AML

cells (136). As such, these cell engagers can enhance Vg9Vd2+ T cell

cytotoxicity against B-cell lymphoma, particularly when accompanied

by a co-stimulatory signal pair (178). ImCheck Therapeutics’

humanized anti-BTN3A antibody, ICT01, serves as another

example. It operates by recognizing three distinct BTN3A forms

and prompting their activated conformation, thereby selectively

activating Vg9Vd2 T cells in an antigen-independent manner (182).

In a phase I/II clinical trial, ICT01 showed tolerable safety

profile and increased infiltration of Vg9Vd2 T cells into tumor

tissue in patients with advanced solid tumors (NCT04243499).

(Table 3) Besides, LAVA-1207 (PSMA-Vd2 bsTCEs) has shown a

favorable safety profile and clinical symptom improvement

(decreased PSA level) in a Phase 1/2a clinical trial involving

metastatic castration-resistant prostate cancer (mCRPC) patients

(N=20, NCT05369000) (137).

Notably, as cell engagers depend on the activation and

migration of the patient’s inherent gdT cell pool, initial Vg9d2T
cell counts could be a useful predictor for clinical outcomes. Take,

for instance, a melanoma patient with a high baseline count of

circulating Vg9Vd2 T cells who showed considerable tumor

infiltration of Vg9+ T cells post ICT01 administration (182). Cell
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engagers can also be combined with gdT cell-based therapies to

develop easily available TAA-targeting gdT cell products (148).

Acepodia’s technology, for instance, conjugates antibodies to cells

to create products like ACE1831, which is the CD20-targeting gdT
cells (148). This product is currently under phase I trial for patients

with relapsed/refractory B-cell lymphomas (NCT05653271). Other

products, ACE2016 (EGFR-targeting gdT) and ACE1708 (PD-L1-

targeting gdT), are in the preclinical exploratory stage (183).

In conclusion, while cell engagers and bispecific antibodies

present significant potential compared to CAR-T therapy, their

definitive superiority is yet to be determined. Like CAR-T therapy,

cell engagers also encounter hurdles such as immune escape owing

to loss of target antigen expression and an immunosuppressive

tumor microenvironment. Further research is needed to modify cell

engagers specifically for gdT cells, paving the way for effective

treatments in the future.
4.3 TCRs engineering or transfer: a highly
specific and reproducible manner

Harnessing natural receptors through the engineering or

transfer of T cell receptors (TCRs) serves as an alternative

approach to the use of synthetic ones. The transduction of
FIGURE 4

Established strategies for engineering gdT cells. Cell engager designs: Fragment based cell engagers include tandem single-chain variable fragment
(scFv), tandem variable heavy chain (VHH), and (scFv)2-Fab. (A) A tandem scFv antibody comprises two different scFvs joined by a linker. (B) Tandem
VHH is depicted as a bispecific T cell engager (bsTCE) with an anti-CD1d VHH linked to an anti-Vd2 VHH. (C) An example of (scFv)2-Fab antibody,
Her2/Vg9, is composed of an anti-Vg9 Fab domain and two anti-Her2 scFvs. This design selectively recruits gd T cells and enhances cytotoxicity. IgG
based cell engagers encompass tandem VHH-Fc, bispecific antibodies (BsAb), and (scFv)2-Fc-Ag. (D) Tandem VHH-Fc antibodies involve two VHHs
linked to a Fc domain. (E) One type of BsAb connects an anti-Vg9 domain and an anti-CD123 domain via Knobs-into-holes heterodimerization
technology. (F) (scFv)2-Fc-Ag is shown as an anti-CD19 scFv connected to a BTN2A1/3A1 domain via an Fc linker. Engineering gdTCRs and
transferring specific abT-TCR or NKT-TCRs into gdT cells: (G) One approach to engineering gdTCRs is to fuse an anti- programmed cell death ligand
1 (PD-L1) scFv to either the g or d chain of gdTCR to limit T cell exhaustion. (H) Another approach is an antibody-TCR, such as an anti-CD19 Fab
domain linked to a gdTCR. (I) abTCRs and CD8 ab genes can be transferred to gdT cells to enable targeting specific tumor cells and avoid TCR
mispairing. (J) Natural killer T (NKT) cell-derived abTCRs can also be transferred into gdT cells to enhance proliferation, IFN-g production, and
antitumor effects. Created with BioRender.com.
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cancer-specific TCRs is an appealing strategy for generating large

volumes of readily available, antigen-specific T cells. Transferring

cancer-specific abTCR engenders T cell specificity, simplifying

procedures compared to isolating specific T cell subsets. However,

the transgenic transfer of abTCRs to other abT cells runs the risk of

triggering TCR competition and mispairing. Recognizing these

limitations, gdT cells are appreciated as safe and ideal carriers for

antigen-specific effector cells because TCR-a and -b chains can’t

pair with TCR-g and -d chains (138, 184). To produce cytotoxic gdT
cells capable of attacking tumor cells and secreting cytokines via ab
and gdTCR-dependent activity, one can isolate tumor antigen-

specific ab CD8+ cytotoxic T lymphocytes and clone their TCR

ab genes (138) (Figure 4I). However, a notable reduction in gdTCR
expression post abTCR transduction was observed, likely due to

competition for limited CD3 molecules (138).

Van der Veken et al. demonstrated that abTCR -transduced gdT
cells display sustained in vivo endurance and can elicit a recall

response (139, 184). More so, infusing abTCRs from invariant

natural killer T (iNKT) cells into gdT cells can create bi-potential T

cells with NKT cell functionality (143) (Figure 4J). Other research

endeavors are concentrated on transferring gdTCR to abT cells to

leverage the superior understanding of their effects and memory

function mechanisms (185). One product, GDT002, which contains

Vg9Vd2TCR-expressing abT cells, allows abT cells to detect

augmented phosphoantigens in stressed or malignant cells (185).

An ongoing phase 1/2 study is investigating GDT002’s safety and

tolerability in patients with multiple myeloma. Furthermore,

strategies for engineering TCRgd involve fusing with single-chain

variable fragments (scFv) or Fab fragments from antibodies. For

example, one study used CRISPR/Cas9 to fuse an anti-PD-L1 scFv to

the TCRg or d chain in activated gdT cells, creating scFv-g/d-TCRgd
cells that showcased anti-tumor capacity akin to traditional CAR-T

cells (186) (Figure 4G). Alternatively, the Fab domain of an antibody

can be connected to the C-terminal signaling domain of the g and d
chains of the TCR, creating an antibody-TCR construct (187)

(Figure 4H). The use of the TCR alongside endogenous

costimulatory molecules can lower co-stimulation input compared

to CAR constructs, thus diminishing cytokine release and mitigating

the exhaustion phenotype (187). Anti-CD19 Fab – TCR-gdT cells or

ET019003, for instance, have displayed similar anti-tumor actions

against B-cell lymphoma as CAR-T cells in vivo (187).

Promisingly, a phase I clinical trial (NCT04014894) indicates that,

aside from showing agreeable safety profiles, ET019003 has achieved

an impressive clinical response rate (87.5%) among patients with

relapsed or refractory diffuse large B-cell lymphoma (188). However,

TCR gene transduction or engineering research has somewhat

stagnated in recent years, possibly due to complex manufacturing

processes involved. In summary, the exploration of novel therapeutic

approaches incorporating gdT cells continues to expand, with

significant potential for future cancer treatment innovations.
4.4 Combination therapy

CAR-T cell therapy has proven extremely promising for

treating hematologic malignancies. However, distinct issues
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related to the immunosuppressive microenvironment of solid

tumors require further refinement and personalization of this

approach. A potential solution could be combination therapies

that adequately address the complexity of solid malignancies.

The concurrent usage of CAR-T/bsTCE therapies and immune

checkpoint inhibitors is recognized as a potentially effective strategy

to overcome immune system suppression. Exhaustion status,

marked by the upregulation of inhibitory receptors, can

potentially compromise the therapeutic efficacy of CAR-T cells

(189). In a murine model of bone metastatic prostate cancer, gd
CAR-T cells persisted in the tumor-bearing tibia for approximately

21 days post-infusion. However, these cells exhibited an

upregulation of PD-1 expression while simultaneously losing

expression of activation markers (151). Consequently, the

combination of therapies such as ICT01 and pembrolizumab, an

anti-PD1 antibody, exhibited favorable safety profiles in a phase I

clinical trial (NCT04243499). This suggests that the co-

administration of CAR-T/bsTCE therapy with anti-PD-1/PD-L1

antibodies could potentially boost treatment benefits (151).

Chemotherapy and radiotherapy, owing to their immune-

sensitizing attributes, are plausible options for combination

therapy with immunotherapy (190). Temozolomide (TMZ), a

chemotherapy mainstay for glioblastoma (GBM), transiently

heightens the expression of stress-associated antigens such as

NKG2DL on tumor cells. Engineering gdT cells to express the

methylguanine DNA methyltransferase (MGMT) can thus

potentially confer TMZ resistance, enabling the engineered cells

to operate efficiently despite the presence of therapeutic

concentrations of chemotherapy. The amalgamation of TMZ and

MGMT-modified autologous gdT cells, or drug resistant

immunotherapy (DRI), showed improved survival outcomes in a

model of high-grade gliomas compared to monotherapy (124).

In a phase I clinical trial, INB-200 (an example of DRI)

displayed a favorable safety profile, extended progression-free

survival (PFS), and presented no dose-limiting toxicities, CRS, or

neurotoxicity in glioblastoma multiforme patients (NCT04165941).

As a result, autologous DRI- gdT cells (INB-400) have proceeded to

a phase II clinical trial, and MGMT-modified allogeneic gdT cells

(INB-410) are currently undergoing a phase Ib clinical trial

(NCT05664243). The product INB-400/410, developed by IN8bio,

has been granted FDA Orphan Drug Designation for the Treatment

of Newly Diagnosed Glioblastoma.

As it stands, most approved combination immunotherapies

largely rely on a combination of immune checkpoint inhibitors

(ICIs) and have emerged as first-line treatments for several major

cancer types (191). The future of combination immunotherapies

with gdT cells likely extends beyond ICI-based approaches, aiming

for control and eradication of established tumors. Further research

in this area will be instrumental in harnessing the full therapeutic

potential of gdT cells.
5 Challenges and limitations

Tapping into the potential of genetically engineered gdT cells

holds the promises of breakthroughs in cancer immunotherapy,
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albeit with scientific and technical hurdles. The multifaceted nature

of gdT cell biology coupled with the complexities of genetic

manipulation throws inevitable challenges in the way of

optimizing therapeutic potential.

The extensive heterogeneity of gdT cells, which includes various

subsets with distinct antigen recognition patterns, homing

properties, and effector functionalities, presents a significant

challenge in standardizing genetic engineering strategies (192).

Additionally, our understanding of the gdTCR repertoire lags

behind that of abTCRs (141). Although cell engagers and

bispecific antibodies have shown potential to robustly activate gdT
cells, effective signal optimization is still underway (178). Certain

constraints of gene-engineering, such as the need for CD8 or other

co-stimulators which gdT cells lack, and the intricate manufacturing

processes involved, serve as significant obstacles (138). Although

gene-transduction techniques, such as mRNA electroporation and

lentiviral transduction, have seen noticeable advancements over the

past years, the efficiency of integrating genes into gdT cells using

either viral or non-viral vectors is yet to reach optimal levels. mRNA

electroporation allows for rapid expression and poses fewer risks of

insertional mutations, while also being associated with lower

cellular toxicity. However, this method only provides transient

expression of CARs, requiring multiple infusions of CAR T-cells

and an extension of their cytotoxic lifespans from a therapeutic

perspective (154). On the other hand, lentiviral transduction, often

considered time-consuming, also carries the risk of damaging

essential genes or regulatory sequences during the period required

for expression (193–195)..

In comparison to ab CAR-T cells, gd CAR-T cells often present

less complete clearance of tumor cells in vivo. This characteristic

could be attributed to reduced persistence of gd CAR-T in the

immunosuppressive microenvironment (125, 196), necessitating

multiple infusions and a large supply of gd CAR-T cells.

Furthermore, CAR-T cells could potentially contribute to antigen

loss in target cells, resulting in diminished antigen density (197).

While the introduction of bispecific T cell engagers has

propelled cancer immunotherapy, especially against hematological

malignancies by offering an easy and cost-effective treatment

option, their efficacy remains undermined by co-triggering of

immunosuppressive T cell populations, such as regulatory T cells

(Tregs) (137). Even though the combination of CAR and bispecific

gdT cell engagers has shown promising results towards improving

anti-tumor efficacy and reducing cytotoxicity, the tumor cells’

ability to evade the immune system strengthened by gdT cells is

still under investigation (198).

Interestingly, gdT cells, under certain conditions, may also

promote tumor growth (199, 200). This trait might be influenced

by the TME or interactions with other immune cells. gdT cells have

been known to promote tumor growth by producing IL-17, a process

influenced by factors such as TME-related metabolism, microbial

products, and inflammatory cells (201, 202). Considering the

association of gdT cells with autoimmune diseases, a thorough

investigation of their long-term clinical outcomes is essential when

their activation or suppression is incorporated into treatments (203).

Implementing engineered gdT cell immunotherapy in a clinical

setting presents its own set of challenges. Identifying suitable
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patients and healthy donors and creating standardized

monitoring guidelines are crucial. Determining the correct

dosage—whether based on body weight or the number of cells

per infusion—and understanding its relation to treatment success is

a significant hurdle. There is also a pressing need to address the risk

of disease recurrence post-treatment, bolster the therapy’s

durability, and decide whether to opt for monotherapy (with a

single or several doses) or a combination approach (204). In

addition, as production is resource-intensive and coupled with

strict regulatory, ethical, and safety considerations, and high costs.

Thus, widespread access to this form of therapy is limited. To fully

employ the potential of gdT cell therapies, extensive research and

collaboration are necessary.
6 Conclusions and future perspectives

gdT cell-based immunotherapies represent a promising frontier

in cancer treatment, introducing innovative approaches to

overcome the limitations of traditional therapies. The

development of gene-engineering strategies, such as CAR T

therapy, bispecific antibodies and cell engagers, and TCR gene

transfer, has significantly advanced the efficacy of gdT cells,

addressing their challenges in abundance, expansion, and

targeting efficiency. Despite these strides, hurdles such as the

nuanced understanding of gdT cell behaviors, targeting solid

tumors effectively, and preventing post-treatment relapse persist.

The remarkable potential of gdT cell therapies lies in their

ability to offer a paradigm shift in cancer treatment, utilizing their

unique properties for more precise, potent, and personalized

interventions. Their versatility in recognizing cancer cells without

MHC restriction provides a substantial advantage in reducing the

risk of immune escape and addressing tumor heterogeneity.

Looking ahead, research must focus on understanding gdT cells’

metabolic needs and cytokine profiles within the tumor

microenvironment to enhance their antitumor activity.

Additionally, it is critical to develop strategies that improve the

persistence of CAR gdT cells and maintain target antigen visibility,

ensuring long-term therapeutic success. The exploration of Vd1
subsets and the creation of iPSC-derived gdT cells hold promise for

developing universally applicable CAR gdT cell therapies.

Furthermore, optimizing the engineering of gdT cells for safer

and more efficient delivery, coupled with the strategic

combination of these therapies with other treatments, will

enhance efficacy and durability.

Emphasis should also be placed on designing therapies that

reduce the risk of relapse and increase sustainability. Regulatory,

manufacturing, and logistical challenges will need to be addressed

to facilitate the clinical translation of these therapies. The ultimate

goal is to harness the full therapeutic potential of gdT cells, offering

new hope to patients with various types of cancer.

The future of gdT cell immunotherapy lies in the convergence of

molecular biology, genetic engineering, and clinical research. As our

understanding evolves, so will the potential of gdT cells as a

powerful tool in the arsenal against cancer, paving the way for

more effective, tailored, and sustainable cancer treatments.
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