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Y0 T cells represent an ‘unconventional’ class of CD3+ lymphocytes with unique phenotypical and functional attributes
that distinguishes them from their a6 T-cell receptor-expressing counterparts. Studies investigating the roles of yd T
cells in cancer have shown that these cells are indispensable for effective tumor control and their presence within
the tumor may be of prognostic significance. Currently, there is significant interest in harnessing Yo T cells for
cancer treatment, and research efforts have focused on the development of Y0 T-cell-based strategies that are
efficacious against cancer. Several therapeutic approaches using Y0 T cells have been described, premised on the
expansion of Y0 T cells or yd chimeric antigen receptor T therapy. The potential for broad, unbiased and ‘off-the-
shelf’ applicability in cancer treatment, drives ongoing and future research and methodologies by which Y3 T cells
can be exploited for therapeutic use. In this review, we will briefly outline the characteristics of Y0 T cells and
describe how these work within and promote proper functioning of the cancer-immunity cycle. Additionally, we will
introduce strategies that are less commonly described and may potentially be more efficacious than other types of
therapy. Our discussion will expand upon presently known applications and even highlight the versatility of this
immune subset as cancer therapeutics. 70 T-cell-based treatment is an emerging strategy and should be considered
for cancelling cancer.

Key words: tumor-infiltrating lymphocytes (TIL), T-cell product manufacturing/scalability, T-cell therapy for patients with
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INTRODUCTION

The discovery of the immune system’s involvement in
cancer surveillance decades ago sparked a new direction for
cancer therapeutics. Since then, much research efforts in
cancer have focused on dissecting the mechanisms of tumor
immunological surveillance and developing strategies to
restore or promote immune cell function against malignant

including dendritic cells (DCs), natural killer cells (NKs) and
T cells have been reported.” Notably, among T cells, the Y
T-cell receptor (TCR)-expressing subclass of lymphocytes (70
T cells) have garnered considerable attention in recent years
due to their roles in tumor inhibition and the unique at-
tributes possessed by these cells that not only distinguishes
them from o T cells but may also confer superiority for

cells. Immune-based therapies, or immunotherapy, has
emerged as the fourth pillar of cancer treatment (after
surgery, chemotherapy and radiotherapy), with an
increasing number of patients receiving immunotherapeutic
agents as part of their treatment regimen for both early-
and late-stage disease. Cellular therapy is a category under
the immunotherapy umbrella and typically involves the use
and tweaking of patient (or healthy individuals’, in some
cases) immune cells to eliminate cancer cells. To date,
cellular therapies based on different types of immune cells
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current and future immunotherapy approaches. Several Y3
T-cell-based treatment strategies have been described.
These include methods for subset-specific expansion of 70
T cells from different sources, genetic engineering or even
harnessing the by-products of Y& T-cell culture for thera-
peutic use.”” Importantly, expanded yd T cells and cell-
derived molecules demonstrate antitumor activity across
different cancers in preclinical tests, and showed consider-
able efficacy and tolerance in clinical studies.”®*%*" with
the plethora of information surrounding Y0 T cells and
growing interest in exploiting this immune subset for cancer
treatment, it is necessary to reassess current understanding
of ¥0 T cells and progress in therapeutic advancements
as this will guide future research for the development of Y3
T-cell-based therapies with enhanced potency and efficacy.
This review aims to provide a concise summary of the
therapeutic applications of Y0 T cells in cancer. In particular,
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the antitumor role of Y3 T cells will be described with
reference to the cancer-immunity cycle to illustrate how
these cells are suited for use in immunotherapy. Further,
current advances in 70 T-cell-based treatment and future
prospects of this therapeutic strategy will be discussed.

THE MULTIFACETED ROLE OF yd T CELLS IN THE CANCER-
IMMUNITY CYCLE

Tumor control and eradication is not elicited by a single
class of immune cells."* Rather, an intricate interplay be-
tween different cell types of the immune system is neces-
sary for effective antitumor responses to be induced—a
concept illustrated by the cancer-immunity cycle."” This
cycle describes a series of sequential and highly regulated
steps required for optimal immune responses.'? Briefly,
cancer antigens released by dead or dying cancer cells are
captured by antigen-presenting cells (APCs) such as DCs and
presented to naive T cells for priming and activation.”
Activated T cells then traffic to and infiltrate the tumor
bed where they recognize tumor cells and elicit cytotoxic
responses for tumor control or eradication.™” A noteworthy
aspect of the cancer-immunity cycle is the indispensable
roles played by both innate and adaptive cells for effective
tumor clearance.'” Interestingly, YO T cells possess pheno-
typic and functional attributes of both innate and adaptive
immunity.>? This feature uniquely positions yd T cells at
the crossroads of both arms of immunity and even inspired
the representation of these cells as ‘adaptate’ immune cells;
‘adaptate’ describes the integration of innate and adaptive
traits in yd T-cell biology.”® It may be within reason to
suggest that yd T cells can fulfil the requirements of the
cancer-immunity cycle at several steps and allow proper
functioning of the cycle for potent tumor killing to be
effected. In the following sections, we will describe the
‘adaptate’ nature of Y0 T cells and their multifaceted roles
in the context of the cancer-immunity cycle.

Cancer-immunity cycle: recognition of cancer cells

The TCR represents a natural and major mechanism for
tumor cell recognition by T cells. In a8 T cells, antigen
recognition by the TCR is dependent on prior processing of
protein antigens into short, linear peptides and presenta-
tion on major histocompatibility complex (MHC) mole-
cules.”™* yd T cells, by contrast, adopt different
mechanisms for ligand recognition: these cells are capable
of detecting cognate antigens in their native forms without
the need for antigen processing.”**'* Ligands are also
recognized independently of MHC molecules, and 70 T cells
are hence not restricted by these.”** The antigenic reper-
toire of Y0 T cells even differs from their 0,0 TCR-expressing
counterparts; instead of neoantigens, Y0 T cells can be
stimulated by a diverse range of molecules such as phos-
phoantigens, MHC-like proteins of the CD1 family including
CD1d and intracellular proteins like Annexin A2 that are
translocated to the cell surface upon cellular trans-
formation.>*****¢® Generally, the ligands for ¥d TCRs are
believed to be signals of cellular stress.”***®*% The ability
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of Y3 T cells to recognize antigens without the requirement
for antigen processing and/or MHC molecules and the
unique antigenic repertoire of these cells are noteworthy as
such features may confer major advantages for cancer
immunosurveillance. Studies have shown that tumor cells
can avoid immune detection by downregulating MHC mol-
ecules or fail to process antigens due to impaired intracel-
lular antigen-processing machinery.*>?* Similarly, cancer
cells can be programmed to express poorly immunogenic
antigens and reduce overall tumor neoantigen burden
through the process of immunoediting.?*?> Immune-
evading strategies such as these may result in lowered
expression of antigen-loaded recognition complexes on the
surface of cancer cells such that o T cells will no longer be
able to target these tumor cells, causing cytotoxic effector
responses driven by this immune subset to be severely
dampened. In comparison, by virtue of their unique modes
of antigen recognition, Y3 T cells may be less affected by
defects in ligand presentation and maintain the ability to
identify and kill cancer cells.

Apart from the TCR, Y3 T-cell recognition of tumor cells
can also be mediated by NK receptors (NKR).>***%?” 3
T cells have been shown to express various types of NKRs
including, but not limited to, NKG2D and DNAM-1, and this
feature allows yd T cells to recognize ligands that are
typically sensed by NK cells.”**?**?’ For example, 73 T cells
can be stimulated by MHC class | chain-related proteins A
and B (MICA and MICB), which are known ligands of the
NKG2D receptor.”**?® Importantly, MICA/B proteins, along
with other NKR ligands, are commonly up-regulated on
the surface of cancer cells’*>° and these molecules
may be sensed by Y0 T cells through their NKRs and trigger
vd T-cell-mediated antitumor responses. It may be worth
noting that the ligand specificities of NKRs largely differ
from those of the TCR, and hence Y0 T cells—by virtue of
their expression of both the TCR and NKRs—are likely able
to recognize a broad range of antigens on cancer cells.>***
The wide repertoire of cell surface receptors possibly also
permit simultaneous detection of different ligands on can-
cer cells, thereby allowing 0 T cells to recognize tumor
cells efficiently. Of note, a8 T cells have also been reported
to express NKG2D receptors but the role of this molecule in
af T-cell activation may be contentious as some studies
showed that ligation of NKG2D receptor induced a3 T-cell-
directed target cell lysis while others instead described a
lack of response when CD8+ T cells were treated with
NKG2D ligands.”®** NK cells, on the other hand, may share
the repertoire of NKR ligands typically detected by Yo
T cells, but recognition of TCR antigens by these innate
immune cells is unlikely. It may also be reasonable to sug-
gest that the presence of two distinct mechanisms for tu-
mor sensing allows Y0 T cells to prevent tumor escape
caused by pathways such as lowered antigen expression or
antigen loss. Taken together, the TCR and NKRs represent
different ‘layers’ of the tumor recognition machinery in Y3
T cells, and of which may synergize to form a sophisticated,
‘two-pronged’ strategy for effective tumor detection and
subsequent clearance.
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Cancer-immunity cycle: killing of cancer cells

Upon antigen encounter, Y0 T cells can elicit a myriad of
responses for overall clearance of tumor cells.”** The
effector functions of Y0 T cells can be broadly categorized
into ‘direct’ mechanisms consisting of cytokine and/or
effector molecule secretion, death receptor engagement
and antibody-dependent cellular cytotoxicity (ADCC), and
‘indirect’ effects where ¥0 T cells modulate the functions of
other immune subsets.>* In vitro studies in cancer have
shown that upon stimulation, Y0 T cells up-regulate the
expression of type 1 (Ty1) and type 2 (T42) cytokines such
as interferon (IFN)-y and interleukin (IL)-10, respectively,
death receptor ligands such as FasL and TRAIL, and gran-
zyme B 41126273237 mportantly, these changes are
coupled with cancer cell lysis, and are observed in different
types of cancer.>*'%?”3237 Further investigation into the
killing mechanisms revealed that yd T-cell-mediated eradi-
cation of tumor cells may be mainly driven by the perforin—
granzyme axis as the inhibition of this pathway abrogated
tumor-killing effects more significantly than the blockade of
other pathways.>**°

Given the roles of both the TCR and NKRs in cancer cell
recognition (as described above), it is only to be expected
that these receptors can also trigger the tumor-killing
mechanisms of Y0 T cells. Indeed, the significance of the
TCR and NKRs in tumor eradication was demonstrated in
receptor-blocking assays, in which inhibition of both re-
ceptors was found to completely abrogate tumor cell lysis.*®
Notably, single blockade of specific NKRs affected tumor cell
kill to a limited extent whereas 0 TCR inhibition resulted in
near-complete loss of target cell lysis.>*** Such variation in
impact size suggests that the yd TCR likely functions as the
major determinant of Y3 T-cell activation while NKRs act as
costimulatory molecules.>**%%*! Despite the differences,
there is undeniable involvement of different receptors in Y0
T-cell-mediated tumor killing.

It may be worth noting that the expression and role of
NKRs in vd T-cell physiology is one of the innate-like char-
acteristics exhibited by these cells.” The presence and use
of innate receptors for tumor sensing possibly allows Y3 T
cells to elicit rapid responses against a wide spectrum of
ligands without the need for prior antigen exposure.'*
Perhaps the faster response rate is additionally supported
by the unique modes of Y3 TCR antigen recognition (i.e.
lack of neoantigen and MHC restriction), and the broad
antigenic repertoire conferred by the two types of re-
ceptors. The ligand diversity may even endow Y3 T cells
with the ability to target tumors in an antigen-agnostic
fashion. In contrast, the initial response time of a8 T cells
may be slower given that these cells require antigen pre-
sensitization in order to be activated.™

Cancer-immunity cycle: antigen presentation and
immunomodulatory roles of 70 T cells

In addition to direct killing of tumor cells, yB T cells can
induce antitumor activity through indirect mechanisms. This
involves regulating the function of other immune cells,
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including CD8+ T cells, DCs and even B cells. In the
context of CD8—+ T cells, studies by Xu et al. and Capsomidis
et al. showed that the expression of immunostimulatory
molecules such as CD86, CD69 and HLA class Il DR mole-
cule/MHC-Il were up-regulated in yd T cells following
stimulation, suggesting a possible role for these immune
effectors as APCs."** Indeed, activated Y0 T cells demon-
strated the ability to process and present antigens to CD8+
af T cells, and also induced the proliferation of both CD4+
and CD8+ T cells.">*>*® Additionally, YO T cells triggered
the differentiation and proliferation of naive a8 T cells.*
¥d T cells can also stimulate DCs.”**” Following culture
with Y0 T cells, DCs were found to express increased levels of
costimulatory molecules CD86 and MHC-1.***” These DCs
were able to take up antigens, and could induce the prolif-
eration of immune cells including a8 T cells.** Further
investigation into the mechanisms of yd T-cell-mediated
activation of DCs revealed that IFN-y and tumor necrosis
factor-o. secreted by stimulated Y3 T cells play crucial roles in
inducing DCs, as the blockade of either molecule suppressed
the expression of costimulatory factors in DCs.*® Strikingly, Yo
T cells and DCs also demonstrate reciprocal activation and this
likely occurs in a cell-to-cell contact-dependent fashion.***’

In B cells, Bansal et al. and Rampoldi et al. reported that
the levels of activation markers such as CD25 and CD69 and
costimulatory markers such as CD40 and CD86 were up-
regulated in B cells that were co-cultured with y0 T
cells.***® Under the same co-culture settings, 7 T cells also
showed increased expression of inducible T-Cell cos-
timulator—a marker of follicular T helper cells (Tgy)—along
with OX40, CD25, CD86 and HLA class Il DR molecule,
indicating that yd T cells likely function as Tgy cells to
induce B cells.** Such potential Ty role of yd T cells is in
fact corroborated by the finding of significantly enhanced
levels of immunoglobulin (Ig)G, IgM and IgA antibodies in
0 T-cell/B-cell co-cultures.** Taken together, these findings
collectively suggest cross-talk between the two types of
immune cells, and v T cells possess the ability to activate
and promote antibody production in B cells.

The ability of YO T cells to modulate the functions of
other immune cells may have significant implications in
cancer immunity. It is perhaps within reason to suggest
that af T cells activated by Y0-APCs are potentially able
to carry out antitumor activities and this, together with
the known tumor-killing functions of ¥d T cells, can result
in better tumor control. On a similar note, DCs stimulated
by Y0 T cells possibly also induce cytotoxic a6 T cells that
target cancer cells. However, in the case of Y0 T-cell-
activated B cells, antibodies produced by these B cells
may exert antitumor effects through ADCC and perhaps
other mechanisms.*? It is likely conceivable that yd T cells
function as a ‘signaling hub’ wherein yd T cells receive
and integrate signals from the microenvironment, and
‘transmit’ signals to other innate and/or adaptive immune
cells. In essence, it is undoubtable that yd T cells play
multiple roles in cancer immunity, inducing widespread
effects that promote immunosurveillance and enhance
tumor eradication.
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Cancer-immunity cycle: trafficking to tumors

v T cells can be classified based on the TCR & chain, and four
main structural subsets—Vd1, V92, V03 and VO5—have been
reported to date.”"*'* Notably, different ¥ T-cell subsets
localize in distinct regions of the body.>* In humans, V&1 cells
are commonly found in the epithelia, spleen and liver while
majority of y0 T cells in the peripheral blood (PB) is repre-
sented by V2 cells (in particular, Vd2Vy9).”** Vd3 cells, on
the other hand, reside in the gut epithelium and liver.>** Such
natural tissue tropism of Y0 T cells is often thought to be
essential for expanding immune responses to tissues that are
not well served by B or a8 T cells.”**'* The ability of yO T
cells to home to specific tissues may be attributed to the
expression of chemokine receptor(s) and ‘homing’ factors
unique to a tissue, on the surface of these cells.>®** For
instance, intrahepatic V01 cells express liver-associated re-
ceptors CXCR3 and CXCR6 as well as the tissue tropism
molecule CD69.%° In contrast, v T cells residing in the skin do
not express these molecules but have high levels of CCR8 and
the skin-homing marker cutaneous lymphocyte-associated
antigen.”’ The homing behavior of Y3 T cells suggests an
intrinsic ability to traffic to tissues, and this is important in the
context of adoptive T-cell transfer therapy as the success of
such treatments is, at least in part, dependent on the ability
of effector cells to traffic to the tumor compartment.””
Additionally, the tissue specificity of YO T cells suggests that
effector responses can be limited to the target tissue such
that off-target events may be minimized.

Overall, YO T cells play diverse and intricate roles in
cancer immunity and may even harbor the ability to
potentiate the cancer-immunity cycle. It may be worth
noting that the (i) tumor neoantigen- and MHC-
independent patterns of antigen recognition, (ii) ‘addi-
tional’ immunomodulatory functions and (iii) natural tissue
tropism are likely features unique to yd T cells, given that
the same characteristics have not been described in other
types of cytotoxic immune cells including CD8+ o T cells.
These attributes may confer Y3 T cells the capacity to
bypass the mechanisms commonly used by tumor cells to
sabotage a8 T-cell-driven immunosurveillance, such that Y9
T cells remain functional and promote optimal functioning
of the cancer-immunity cycle for potent tumor killing to be
effected. Given these, it is hence without doubt that yB T
cells are attractive candidates for cancer immunotherapy
and should be considered as current and future therapeutic
agents for the disease. A schematic overview of the
contribution of Y3 T cells in the cancer-immunity cycle is
shown in Figure 1.

Y0 T-CELL-BASED THERAPY FOR CANCER

The multiple roles played by Y3 T cells in antitumor im-
munity motivated the development of yd T-cell-based
strategies as part of the armamentarium for cancer treat-
ment. Currently, several approaches for harnessing these
immune cells for therapeutic use have been proposed.
These include expanding PB vd T cells, genetic modification,
engineering YO T-cell-specific engagers and combinatorial
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use of Y0 T cells and immune checkpoint inhibitors (ICls)—
all of which have been described in detail elsewhere.”"*
This review will briefly outline the aforementioned strate-
gies while focusing on other therapeutic applications of Y0
T cells that are currently underexplored but hold potential
for development into effective and efficacious treatments
for cancer. More specifically, the use of non-PB sources of
vd T cells and cell-independent therapeutic agents will be
discussed as novel yd T-cell-based tools for cancer therapy.

Alternative sources of Y0 T cells: umbilical cord blood-
derived Y0 T cells

Acquiring sufficient tumor-targeting effector cells is central
to adoptive cell therapy. A common theme in Y0 T-cell
expansion is the large-scale culture of yd T cells originating
from PB.>1%3336:384L53 parhaps the ease of access of PB as
compared to other anatomical sites, and the availability of
established protocols for expanding PB Y3 T cells, can
explain the appeal of immune cells from this compartment
for cancer treatment. Notably, Y3 T cells can also be found
in epithelial sites including tumor tissues and umbilical cord
blood (UCB).>*®>? Studies investigating UCB 0 T cells have
shown that these cells are mostly naive—a feature worth
highlighting as it suggests that UCB Y0 T cells may be less
prone to exhaustion during the expansion process where
activating cytokines is often used.””* PB yd T cells, in
contrast, carry a memory phenotype.® There are also
structural differences between UCB and PB yd T cells: V31
cells dominate the UCB population whereas V32 (in
particular, VO2VY9 cells) form the majority of PB yd T cells.*”
&% 1n addition, UCB v T cells are more clonally diverse as
compared to those of PB.* Successful attempts at expanding
UCB Y3 T cells have been reported, and some protocols
even achieved 100-fold change expansions.>*® UCB yd T
cells can be expanded using anti-CD3 or anti-ydTCR anti-
bodies, as described by Hur et al. and Ng et al. respectively,
and in the presence of cytokines and feeder cells.>* These
culture techniques resulted in the expansion of non-Vd2
cells (comprising both V314 and V31— cells) while the ef-
fect on Vd2 cells was almost negligible.” Interestingly,
Berglund et al. reported V32 expansion from UCB YJ T cells
but not non-Vd2 cells in a zoledronate and interleukin (IL)-2-
based culture.® These observations collectively suggest that
(i) different structural subsets can be expanded from UCB
vd T cells and (ii) subset-specific amplification can also be
achieved. It should be noted that culture of selected sub-
populations in the context of UCB Y0 T cells has only been
described for V32 cells. On a side note, the aforementioned
selectivity of zoledronate for V32 cells has also been indi-
cated for expansions using PB Y3 T cells—this may be
important as it suggests that protocols used for expanding
PB 3 T cells may apply to UCB cells of the same.?® Different
protocols for amplifying PB-derived V31 cells are currently
available, such as a report by Wu et al. where phytohe-
magglutinin (PHA) + IL-7 treatment was shown to promote
the proliferation of PB V31 cells but not those expressing
the V02 TCR, or another study by Almeida et al. which
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Figure 1. The multifaceted functions of Y3 T cells compliment the cancer-immunity cycle. (A) Y3 T lymphocytes function as APCs. Tumor-associated antigens that are
released by apoptotic cancer cells are taken up by Yd T cells, processed and cross-presented to o T cells. These o0 T cells become activated and induce antitumor
responses. (B) v T cells naturally home to tissues. Y0 T cells express various chemokine receptors and tissue-associated molecules on their cell surface that underlies
their tropism for specific anatomical regions. Such tissue-homing abilities may circumvent complications related to Tes cell ‘homing deficit’ during immunotherapy
wherein the expanded Y3 T population can naturally traffic to the tumor site for efficient tumor eradication. (C) Unique mode of antigen recognition by Y3 T cells. Y3
cells interact with non-peptide ligands such as lipid or other stress-related molecules bound to non-classical, MHC-like molecules such as CD1 family proteins. (D) Direct
and indirect mechanisms of 0 T-cell-mediated tumor killing. These cells can directly kill cancer cells via ADCC, death receptor engagement or secretion of cytotoxic
molecules, or carry out T ‘helper’ functions and induce other immune cell types.

ADCC, antibody-dependent cellular cytotoxicity; APC, antigen-presenting cells; IFN, interferon; IL, interleukin; MHC, major histocompatibility complex; MICA/B, MHC
class | chain-related proteins A and B; NKR, natural killer receptor; TCR, T-cell receptor; TNF, tumor necrosis factor.

described a two-step process for generating cytotoxic Delta that were previously verified with PB cells, or perhaps new

One T cells (DOT) from PB Y3 T cells.***> Modified protocols
for expanding DOT cells have also been reported, as
described by Harmon et al.”® Selective expansion of UCB
V31 cells is currently understudied; it may be worth
attempting the amplification of this subset using strategies
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methods can be explored.

Apart from selectivity, another notable aspect of Ber-
glund et al’s study is expansion of the less-abundant V32
subpopulation.® It is likely that other small subsets of UCB
Y3 T cells can also be amplified, although the success of

https://doi.org/10.1016/].iotech.2024.100740 5


https://doi.org/10.1016/j.iotech.2024.100740
https://doi.org/10.1016/j.iotech.2024.100740

which may be dependent on the identification and use of
stimulatory compounds that are both robust and subset
specific.

Alternative sources of Y0 T cells: intratumoral Y0 T cells

The ability of some Y0 T-cell subsets to naturally home to
and reside in tissues suggests that these immune cells may
also be found in solid tumors. Indeed, intratumoral Yo T
cells have been identified in various cancer types like colon
and gastric cancers, among others.?®>>° |n gastric, kidney
and breast cancers, studies have shown that V31 cells form
the majority of ¥ T cells in the tumor.’®>>°%°° While the
origin of such intratumoral V31 cells remains to be eluci-
dated, it may be reasonable to speculate that these cells are
derived from the immune cell population residing in tissues
pre-tumorigenesis, especially since V31 cells are commonly
reported to localize in tissues.” Interestingly, there are also
cases in which intratumoral v T cells are not dominated by
V31 cells: in glioblastoma, Juran et al. reported higher levels
of V32 cells in the tumor instead of V31.°” It is known that
the diversity and abundance of immune cells, including YO T
cells, in the brain is limited.®>®> Under homeostatic condi-
tions, Y0 T cells do not reside in the brain tissue but in the
meninges where blood vessels also run through.®* Perhaps
PB V92 cells circulated to the meninges and infiltrated the
brain into the tumor site to elicit immune responses against
glioblastoma cells. On a similar note, Lee et al. described
preferential infiltration of V02 cells in glioblastoma,
although this study highlighted the presence of disease-
specific V32 repertoire in the tumor.°” Intratumoral Y3 T
cells have also been described to carry prognostic signifi-
cance: a study by Wang et al. found that gastric cancer
patients with higher levels of yd T cells within the tumor
exhibited high overall survival (OS) and clinical benefit
following adjuvant chemotherapy as compared with pa-
tients with low intratumoral yd T cells.”” In head and neck
squamous cell cancer, enrichment of Y3 T cells in the tumor
is associated with improved survival and positively corre-
lated with CD8+ T-cell abundance.®® Similar findings were
also observed in colorectal cancer and triple-negative breast
cancer, in which V31 cells is predictive of lower disease
stage and increased OS, respectively.”®?”>° It may be worth
leveraging on the potential prognostic value of intratumoral
v T cells to develop more robust methods for patient
stratification. For instance, Wang et al. proposed the inte-
gration of intratumoral Y0 T cells with TNM (tumor—node—
metastasis) staging to create a ‘TNM immune score’ that
may allow patients to be better classified for treatment.>®

The presence of Y0 T cells in solid tumors and clinical
benefit conferred by this immune subset suggests that tu-
mors may serve as a source of anticancer Y3 T cells that can
be exploited for cell therapy. As compared to PB Y0 T cells,
the expansion of solid tumor-derived Y0 T cells is generally
less studied, but attempts at amplifying intratumoral Y0 T
cells in colon and kidney cancers have been made.**® In
their colon cancer study, de Vries et al. cultured Y0 T cells
ex vivo with PHA, IL-2, IL-15, and in the presence of feeder
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cells. While the expansion efficiency was not reported, the
expanded cells expressed the activation marker CD137 and
effector molecule IFN-Y upon co-culture with patient-
derived tumor cells, and also induced cancer cell
apoptosis in vitro.>”> Rancan et al. described a different
method for amplifying intratumoral Y3 T cells in kidney
cancer: instead of using PHA and a feeder cell layer, isolated
vd T cells were cultured with irradiated autologous tumor
cells and a cytokine cocktail containing IL-2, IL-7, IL-15 and
IL-21.°® These expanded cells demonstrated killing of
autologous cancer cells almost as efficiently as CD8+ af T
cells.”® Importantly, the same study also showed that sorted
but unexpanded kidney tumor-derived yd T cells secreted
IFN-Y in the presence of tumor cells, suggesting that the
reactivity of intratumoral Y3 T cells against cancer cells is
not an acquired function resulting from ex vivo expansion
but an intrinsic feature of the cells.”®

Noteworthy from both studies is the expansion of tumor-
targeting YO T cells from intratumoral cells expressing im-
mune markers of exhaustion.*”*® Rancan et al. additionally
reported that programmed cell death protein 1 (PD-1) and
TIM3 (and CD137) expression was retained in the expanded
cells, and these cells even showed antitumor activity.”®
Perhaps phenotype(s) conventionally used to describe T-
cell exhaustion instead indicates antitumor reactivity in Yo T
cells and not functional inhibition, at least in these cases.
Corroborating with this, Davies et al. recently showed that
PD-1-expressing 70 T cells exhibited a molecular phenotype
distinct from that of PD-1+ CD8+ T cells.®® These PD-1+ Y0
T cells were also functionally competent but not PD-1+
CD8+ T cells.®® However, it should be noted that T-cell
exhaustion encompasses a range of cellular dysfunction
states,®® and it may be necessary to investigate the prolif-
erative ability of early-, mid- or late-exhausted intratumoral
vd T cells and tumor-targeting functions of the expanded
population so that methods in which tumors are used as a
source of immune cells can be better defined. Nevertheless,
the findings of the studies by de Vries et al. and Rancan
et al. suggest potential in harnessing tumor-derived Yo T
cells for cell therapy.

The numerous studies focused on exploiting 70 T cells for
the purpose of cell therapy in cancer have thus far
demonstrated success in Y0 T-cell expansion using different
sources of cells and also verified the tumor-killing proper-
ties of the expanded population.®>/511,26,32-36,38:41,36.38 |
spite of this, it may be worth mentioning that cell expansion
is a complicated procedure in which successful generation
of antitumor effectors in sufficient quantities is not always
guaranteed, and the process is generally costly and time-
consuming.®®> These challenges, however, can possibly be
mitigated by modifying the cell expansion process. One may
consider introducing quality control practices at various
steps of the cell expansion cycle in order to ensure the
quality of the expanded cell population. For example, the
fitness of Y0 T cells can be assessed before expansion and
be used as a metric to predict the outcome of cell expan-
sion. This may be important when patient-derived yd T cells
are used as the starting material, given that immune cells
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obtained from these individuals may be of poorer quality as
a result of the disease in some cases. Alternatively, healthy
donor yd T cells may be used. After expansion, the
phenotypic and functional profile of the cell product should
also be determined in order to ascertain the anti-targeting
abilities of the resultant cells. With these measures, the cell
expansion process can be streamlined and standardized
such that consistency in the cell product can be attained.
Furthermore, ongoing research will continue to improve
upon current expansion protocols or develop new strategies
for expanding Y0 T cells with enhanced effectiveness, time
and cost efficiency.

Y0 T-cell-derived extracellular vesicles as anticancer
therapeutic agents

Extracellular vesicles (EVs) are secreted by all living cells and
play multiple physiological roles.®® EVs carry various types
of cargo such as protein and mRNA, and these are derived
from the cytoplasm or cell membrane of the originating
cell.°® In the context of Yd T cells, studies have shown that
EVs isolated from these cells (yd-EVs) contain cytotoxic
molecules such as IFN-y and perforin, along with proteins
known to be involved in ¥d T-cell-mediated killing such as
NKG2D and FasL.°”®® Strikingly, yd-EVs were found to
induce tumor cell apoptosis in vitro and inhibited tumor
progression in vivo in nasopharyngeal carcinoma, oral
squamous cell cancer and Epstein—Barr virus-associated
gastric cancer.”®”° Superior tumor cell killing and tumor
control were also observed with y3-EVs as compared to EVs
derived from other immune cells such as NK cells.® These
observations collectively suggest a tumor-killing mechanism
by Y0 T cells that is independent of cell—cell contact, and
even highlights the possibility of exploiting Y3-EVs for can-
cer therapy.

Interestingly, the antitumor functions of yd-EVs are not
limited to direct tumor Kkilling. In two separate in-
vestigations, Wang et al. reported that yd-EVs promoted
proliferation and IFN-y production in CD4+ and CD8+ T
cells across different cancer types.®®®® y3-EVs also induced
the cell surface expression of CCR5, a receptor involved in
leukocyte recruitment, in CD4+ and CD8+ T cells.®® Indeed,
Y0-EV pretreatment enhanced the migratory activity of T
cells in transwell assays and increased T-cell infiltration into
tumors in mouse models.®®*° T-cell migration was addi-
tionally proven to be mediated by CCR5 in both cases.®®®’
Another study by Li et al. reported the expression of antigen
presentation-related proteins such as MHC-II, CD80 and
CD86 in Y0-EVs, suggesting that Y3-EVs may even be
involved in antigen presentation.®’” Taken together, these
findings indicate possible immunomodulatory roles for Y0-
EVs in addition to tumor cell killing. Such direct and indirect
antitumor functions of Y3-EVs can perhaps be considered
reminiscent of the functions of the parental cells.

A notable characteristic of EVs is the cell-independent
nature of such molecules and this may serve as an advan-
tage for cancer therapy. In adoptive T-cell transfer where
viable T cells are the principal ingredient of the treatment,
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transferred T cells can be modulated by an immunosup-
pressive tumor microenvironment (TME) or even undergo
malignant transformation to result in a secondary primary
cancer.””’* Unlike cells, EVs do not contain dynamic and
malleable cellular machinery that can respond to environ-
mental cues, such that external influence conferred by the
TME or other currently unidentified factors may only have
limited effect on EV function. In fact, Wang et al. reported
that the tumor cell-killing function of Y3-EVs was main-
tained even in co-cultures involving tumor cell-derived su-
pernatant that contained immunosuppressive factors such
as transforming growth factor-£.%% It is also within reason to
postulate that the risk of lymphomagenesis arising from Y-
EV treatment may be low given the lack of live cells in EVs
for transformation to occur. Therefore, cell-independent
treatments including Y3-EVs likely provide superior safety
advantage over other types of therapy.

Therapeutic applications for y3-EVs can also be extended
to drug delivery carriers. In a study by Li et al., transduced
vd T cells were reported to express the exogenous gene and
the gene product could be packaged into EVs.®” These EVs
were internalized by recipient CD8+ T cells, resulting in the
transfer of the gene product into receiver cells.®” Impor-
tantly, the gene product remained functional after de-
livery.?” The authors also showed that gene product
delivery to T cells was more efficient when Yd-EVs were
used as compared to liposomes.®” Taken together, these
observations suggest that yd-EVs can (i) function as nano-
carriers for drug delivery and (ii) be used for targeted de-
livery to T cells.®” The latter is noteworthy as T cells have
been shown to demonstrate selectivity toward EVs for
internalization, wherein these immune cells do not readily
take up EVs produced by some cell types.””

Wang et al. widened the scope of applicability for Y3-EVs
by investigating the use of these molecules as tumor vac-
cines.” When pulsed with tumor-associated antigens (TAAs),
vd T cells produced TAA-loaded Y0-EVs that served as im-
mune adjuvants for DCs and induced antigen-specific T cells
in vitro.> Similar observations were made in vivo, where
TAA-loaded Y0-EV treatment suppressed tumor progression
and improved survival in a humanized mouse model in
comparison with mice treated with unpackaged TAAs or
TAA-free Yd-EVs.” The authors also noted enhanced stim-
ulation of tumor-specific T cells in mice which received TAA-
loaded Y3-EVs, although T-cell induction is possibly medi-
ated by B cells.” Notably, TAA-loaded Yd-EVs induced
stronger adjuvant effects and better tumor control than
TAA-rich EVs derived from DCs.”

An interesting aspect of the studies by both Li et al. and
Wang et al. is the direct antitumor activities that Y3-EVs
were reported to perform while simultaneously functioning
as nanocarriers for drug/vaccine delivery.”®” Such func-
tional duality may be important as it suggests that broad
targeting of different cells in the TME or tumor macro-
environment can be achieved using a single ‘drug’ (i.e. yd-
EV nanocarrier). For example, Y0-EVs loaded with T-cell
agonists may be able to target tumor cells in their own
right, and concurrently activate T cells in situ which then
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recognize and kill cancer cells, thereby providing a two-
pronged approach for effective tumor control. In addition,
given that Y0-EVs targeted different immune cell types in
these studies, it is likely that y3-EVs can transport mole-
cules to various other types of immune or even non-
immune cells.”®” Perhaps Y0-EV-based nanocarriers can
even carry out APC functions especially since intrinsic an-
tigen presentation roles for yd-EVs have been suggested.®’

Overall, current research suggests potential for yd-EVs as
therapeutic agents and there is increasing interest in har-
nessing these molecules for cancer treatment. However,
one should note that yd-EVs is an emerging application and
much research is still required to better elucidate the fea-
tures of yd-EVs. It may be important to assess the pheno-
type and functions of Y3-EVs, their persistence in vivo and
the cellular targets and specificity of these molecules.
Furthermore, EVs produced using different subsets of Y0 T
cells should be examined and compared to determine
whether Y3-EVs derived from various sources are func-
tionally similar. For y3-EV delivery systems, there is a need
to optimize protocols for exogenous gene expression and
loading of the gene product into Y0-EVs, as well as identi-
fying the types of exogenously expressed cargo that can be
loaded into Y0-EVs. Deep understanding of Y0-EVs will
guide the improvement of current methods for yd-EV
manufacturing and isolation, and also drive the develop-
ment of efficacious Y0-EV-based treatments. Finally, it may
be worth considering the use of Y3-EVs for combinatorial
treatment as Y0-EVs has been reported to synergize with
standard therapies and result in enhanced tumor control.®®
This is illustrated in the study by Wang et al. wherein Y3-EVs
in combination with radiotherapy induced higher tumor cell
apoptosis as compared with single treatment with either
agent.®®

Other 0 T-cell-based therapeutics: genetic engineering

Chimeric antigen receptor (CAR)-T-cell-based therapy is one
of the most remarkable advances in cancer treatment.”>’?
Since its introduction in 1993, studies on CAR-T cells were
mostly focused on af T cells.”* The unique biological
properties of Y0 T cells (as described in the earlier sections)
render these immune cells good candidates for CAR-T
therapies, and engineering of yd CAR-T cells should be
attempted. Indeed, recent studies reported successful
transduction of healthy donor-derived ¥0 T cells with CAR
constructs and expansion of yd CAR-T cells.”>’>* These yd
CAR-T cells were cytotoxic against tumor cells in vitro and
in vivo, and even demonstrated stronger antitumor activity
as compared with a8 CAR-T cells in some cases.””®" 13
CAR-T cells were also found to accumulate in metastatic
sites and induce cancer cell regression, suggesting the po-
tential of Y3 CAR-T cells for treatment of metastatic dis-
ease.”” Interestingly, the function of vd CAR-T cells was not
limited to cytotoxic killing as these cells were capable of
migrating toward tumor cells and even carried out APC
functions to induce o, T-cell proliferation in in vitro set-
tings—this finding is noteworthy as it indicates that the
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endogenous features and functions of YO T cells are pre-
served in CAR-transduced cells.”> Taken together, the ob-
servations from these studies collectively demonstrate (i)
feasibility in employing Y0 T cells as vehicles for CAR-T
expression and (ii) potential of Y3 CAR-T cells as cancer
therapeutics. It may be reasonable to consider that at least
three different types of receptors—TCR, NKRs and
CARs—constitute the tumor recognition machinery in Y3
CAR-T cells. This likely endows yd CAR-T cells with multi-
antigen-targeting abilities that permit cancer cell detec-
tion more effectively as compared with primary Y0 T cells or
even other types of immune cells, and thus potentially
minimize tumor antigen escape or off-target effects.
Reduced effects of graft versus host disease with Y3 CAR-T
cells may also be conceivable, given the intrinsic MHC-
independent antigen recognition patterns in Y0 T cells.

The unique antigen recognition patterns of the yd TCR
make it an attractive option for T-cell engineering. In a
report by Straetemans et al., T cells were engineered to
express a specific, high-affinity Y® TCR clone and the
resultant cells [T cells engineered to express Y0 TCR (TEG)]
also demonstrated antitumor activity.>> Notably, this study
described a good manufacturing practice-grade protocol for
TEG manufacture, with the end product exhibiting high 70
T-cell purity and is of sufficient quantity for clinical testing.®’
Strategies for enhancing the therapeutic efficacy of TEGs
have also been suggested, such as those illustrated in the
study by Hernandez-Lopez et al., where TEGs were designed
to co-express an NKG2D receptor chimera or CD277-
recognizing receptor for sensing of stress-related ligands
(i.e. NKG2D ligands and CD277, respectively) in addition to
0 TCR antigens.®* Such dual mode of antigen targeting was
found to enhance TEG activation, tumor-specific activity and
serial killing of target cells in vitro, and promote tumor
control and survival in mouse models.®*

Genetic engineering-based strategies have broad appli-
cability and may not be limited to the use of membrane-
bound molecules to enhance effector cell activity. Instead
of transducing yd T cells with receptors such as CARs,
Fowler et al. recently described the generation of Y3 T cells
that express and secrete tumor antigen-targeting opsonins
and stable 1L-15.”° These engineered cells exhibited
increased antigen-specific cytotoxicity against tumor cells
in vitro and in vivo as compared with unmodified Y0 T cells,
and enhanced survival in vivo.” Additionally, the in vivo
studies showed that opsonin/IL-15-engineered Y0 T cells,
but not unmodified ones, could be detected in the blood 7
days after administration; despite the short time point, this
finding is still important as it hints at the potential of these
engineered Y0 T cells to persist.”” Most notably, the authors
of this study also reported the ability of engineered Y0 T
cells to induce antitumor activity in other types of immune
cells.”? This is observed with macrophages, in which mac-
rophages cultured with opsonin/IL-15-engineered Yd T-cell-
derived conditioned media demonstrated enhanced target
cell lysis in an antigen-dependent fashion.”® Perhaps such
cell-to-cell contact-independent (engineered) Y0 T-cell-
induced triggering of other immune cells is akin to a
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‘bystander effect’, and of which is possible likely due to the
presence of ‘free’ molecules that have the propensity to
induce immune responses.79

Evidently, the possibilities surrounding genetic engineer-
ing for 70 T-cell-based therapeutics are limitless. There is
currently ongoing interest in engineering Y3 T cells, and
present and future research will improve upon current ge-
netic engineering methods and/or develop new techniques
for generating engineered Y0 T cells with potent tumor-
targeting abilities for cancer therapy.

Other 0 T-cell-based therapeutics: Y0 T-cell engager
molecules

Bispecific T-cell engager molecules (BiTE) are a novel sub-
class of bispecific antibodies that has gained much popu-
larity in recent times as therapeutic agents for cancer.’
These molecules are composed of two antibody frag-
ments, each with different antigen-binding specificities.” In
the context of cancer, BiTEs are typically designed to
simultaneously bind a CD3 molecule on T cells and a tumor
antigen expressed on the surface of cancer cells, and this
consequently brings tumor and T cells in close proximity for
cytotoxic killing by T cells.” Unsurprisingly, BiTE-based can-
cer cell-targeting strategies have also been applied to YO T
cells, although it should be noted that the immune cell-
binding fragment of these engagers interact with the yd
TCR instead of CD3 molecules.***®® Several studies re-
ported the design of v T-cell-specific BiTEs (Y0-BiTEs) and
demonstrated the ability of these molecules to activate Y0
T cells and trigger Y0 T-cell-mediated antitumor activity
in vitro and in vivo.***®® y3-BiTEs were even found to
selectively recruit Y0 T cells of interest into the tumor bed
in mouse models, suggesting specificity in Y0 T-cell-based
engagers.®® Where investigated, T-cell activation in the
presence of YO-BiTEs was shown to be restricted to YO T
cells—this indicates that any off-target effects potentially
induced by YO-BiTEs will likely be minimal, thereby
demonstrating the safety value of these molecules.®
Interestingly, Y0-BiTEs used in these studies were
described to target different tumor antigens and across
different types of cancer.>**®® Based on this, it may be
within reason to suggest that yd-BiTE is a versatile thera-
peutic modality that can possibly be engineered to target a
broad spectrum of cancers. Y3-BiTEs can also be designed
to be trispecific and stimulate other immune cells with
tumor-killing properties in addition to yd T cells; this is
demonstrated in the study by Lameris et al. wherein yd-
BIiTEs triggered both type | invariant NKT cells and v0 T
cells, and resulted in robust antitumor activity.** This dual
activation was also well tolerated in a non-human primate
model.** On a side note, research involving yd-BiTEs thus
far have mainly focused on the V32 Y3 T-cell subset; other
subpopulations of Y3 T cells such as V91 cells should also be
considered for yd-BiTE design, especially since this sub-
group has been shown to target tumors.>>* Nevertheless,
BIiTEs represents a promising therapeutic avenue for Y3 T
cells in cancer and current and future investigations will
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delineate how YO-BiTEs can be incorporated into the
treatment regimen for this disease.

BIiTE molecules and genetic engineering are both known
to be promising approaches for cancer therapy. Becker et al.
took it up a notch by combining the two techniques- here, a
CD3 and CD19-targeting soluble BiTE construct (sBiTE) was
introduced into YO T cells, and these engineered cells
demonstrated higher cytotoxicity against CD19-expressed
tumor cells as compared to unmodified y8 T cells in
in vitro and in vivo models.®" Interestingly, sBiTE molecules
produced by the engineered Y3 T cells could potentially
induce unmodified cells of the same, as unmodified yd T
cells showed improved tumor killing when treated with
conditioned media obtained from sBiTE-expressing Y0 T
cells.>® These findings collectively illustrate the possibility of
amalgamating different approaches into one therapeutic
agent for enhanced efficacy; further investigation is war-
ranted to uncover the feasibility and full potential of such
approaches.

Other 0 T-cell-based therapeutics: immune checkpoint
inhibitors

ICIs have become part of the current standard of care for
treatment of several types of cancer, including solid tumors,
advanced cancers and metastatic diseases.?” Although the
significance of conventional T-cell exhaustion markers in Y3
T cells remains to be elucidated, some studies have shown
that immune checkpoint molecules such as PD-1 and CTLA-
4 are up-regulated in yd T cells upon exposure to tumor
cells.?**?# |n these cases, the checkpoint proteins were
found to diminish Y3 T-cell cytotoxic responses, suggesting
a possible role for immune checkpoint molecules in
modulating ¥ T-cell function.®® Such antagonizing effects
of checkpoint molecules on Y3 T cells could be reversed in
the presence of ICls, and this indicates the potential of ICls
in reinvigorating or promoting yd T-cell activity.*® Indeed,
reports by Simone et al. and de Vries et al. described
increased infiltration of ¥d T cells into tumors and overall
¥d T-cell count in patients treated with ICls.>*** Simone
et al. further outlined an association between low immune
checkpoint molecule expression in Y3 T cells and improved
patient survival.®® Taken together, these observations
highlight possible applications of ICls for Y0 T-cell-based
treatments. Where applicable, combinatorial use of ICls and
adoptive YB T-cell transfer should also be considered, for
enhanced treatment effect.

CONCLUDING REMARKS

vd T cells represent a paradigm shift in cell-based immu-
notherapies for cancer. By virtue of their unique functional
and phenotypical features, these immune cells may be less
susceptible to tumor-induced resistance and can promote
complete functioning of the cancer-immunity cycle for
effective anticancer responses to be elicited. The role(s) of
Y0 T cells in cancer immunity render them as attractive
candidates for cancer immunotherapy, and special attri-
butes further support the suitability of these cells as
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therapeutic agents. For instance, the intrinsic, MHC-
unrestricted modes of antigen recognition in Y3 T cells
likely minimize the risk of graft-versus-host diseases
following adoptive transfer, and this may allow v T cells to
be developed as off-the-shelf treatments. Currently, several
methods for harnessing Y0 T cells for therapeutic use have
been reported and ongoing research will uncover other
novel 'Y5 T-cell-based treatment strategies. In this review,
we highlight novel therapeutic avenues for yd T cells,
particularly (i) utilizing non-conventional sources of Y0 T
cells and (ii) cell-independent approaches. It may be worth
noting that Y0 T cells are less studied as compared to .3 T
cells, and thus much about 'YB T cells remains unexplored.
Nevertheless, ongoing and future research will uncover the
full potential of these immune cells in the context of cancer
and improve upon current Y0 T-cell-based immunother-
apies or develop new treatment strategies. The cancel cul-
ture, while not socially accepted, is warranted for cancer
diseases, and y0 T cells may be the physical tool for
executing this ambition.
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