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Editorial on the Research Topic
Next generation yd T cell-based tumor immunotherapy

The discovery of the Yy T-cell receptor (TCR) and its ability to confer potent
cytotoxic activity in CD3+ cells some 35 years ago sparked the initial proliferation in
research that garnered widespread interest in the biology and function of Y3 T cells. The
identification of major human y3 TCR clonotypes, their tissue distributions as well as
dynamic changes throughout ontogeny and in disease states have contributed to the
appreciation of human Y8 T cell diversity. Despite this, incomplete understanding of
mechanisms underlying the complexity of various yd T cell subsets in homeostasis,
inflammation and malignancy restricted the focus of most early studies to blood
circulating VY9V32 T cells which could be robustly activated and expanded ex vivo
using aminobisphosphonates such as zoledronate compared with other yd T cell subsets
for which activating ligands were then largely unknown. This galvanized attempts to
harness the tumoricidal potential of Vy9V82 T cells in clinical trials. Although these cells
exhibited highly promising safety profiles in patients, early trial data revealed suboptimal
anti-tumor efficacy. Despite these setbacks, recent breakthroughs in deciphering the
unique antigen (Ag) binding modes of Y3 TCR coupled with high dimensional analyses of
tissue- and disease-specific ¥ T cell subsets at single cell resolution led to renewed
excitement in the development of Y3 T cell-based therapeutics. This Research Topic has
compiled a series of nine articles of which five review our hitherto understanding of the
multifaceted nature of Y3 T cells and four report original research providing new insights
into the molecular and cellular regulation of a diverse repertoire of ¥3 T cells, paving the
way for next generation Y0 T cell-based tumor immunotherapies.
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Despite extensive use of phosphoantigens (pAgs) to activate
and expand Vy9+V2+ T cells, the role of butyrophilins (BTNs)
in mediating Vy9V32 TCR-dependent activation is only gaining
recent appreciation. Expression of BIN3A1l and BTN2A1
heterodimers, in complex with pAgs, on the surface of
accessory innate immune, infected or tumor cells is an
absolute requirement for interaction with the Vy9V32 TCR.
Other BTN and BTN-like (BTNL) molecules are involved in the
ontogeny and homeostasis of non-Vy9+V82+ T cell subtypes as
noted by Herrmann and Karunakaran. Their review also
emphasized dissection of BTN-associated mechanisms that
enhance the effector function to broaden the therapeutic
applications of Y0 T cells in disease settings. Extending the role
of TCRS complementarity-determining region 3 (CDR3§) in
VY9V32 TCR-mediated responses, Vyborova et al. adduced
evidence for CDR38 determinants in pAg sensing that are
significantly correlated with Vy9V82 TCR affinity and signal
strength, contributing to Vy9V82 T cell repertoire focusing.
Furthermore, surface expression of the inhibitory natural killer
receptor (NKR) CD94/NKG2A is biased toward while that of
activating NKR NKG2D is independent of these CDR33d traits,
findings which may impact design of high-affinity Vy9V52 TCR-
based therapies.

¥0 T cells manifest substantial plasticity and can be polarised to
different cell states in response to environmental stimuli. It is thus
not uncommon to identify Y8 T cells with opposing functional
properties in different biological contexts. The mini review by Bhat
et al. provides a comprehensive summary of studies highlighting
the dichotomous nature of Y& T cells influenced by diverse
pathological milieux, leading to beneficial or detrimental
outcomes in the host. For example, IL-17 production by ¥0 T
cells has been shown to aggravate autoimmune conditions (1, 2)
and also be associated with immunosuppression that exacerbate
tumour growth (3, 4). Such phenomena attributable to the varied
cellular interactions of ¥d T cells can be addressed by appropriate
considerations of systems immunology and personalized
approaches. In this regard, Chan et al. provided an updated
account of crosstalk between yd T cells and a variety of immune
cells which collectively coordinates anti-tumor responses.
Additionally, the cytokine milieu plays a major role in shaping
the fate commitment of Y0 T cells. Consistent with this, Song et al.
discussed how cytokines and their combinations differentially direct
the polarization of tissue-resident and tumour-infiltrating Y0 T cells.
Such experimental insights will inform strategies to manipulate the
cytokine dependencies of ¥® T cells to improve the cytotoxic
function and in vivo persistence of administered T cells against
tumors. Pei et al. elegantly showed that CD137 costimulation of Vy9
+V82+ T cells using CD137L agonist diminished IL-10 receptor
expression and alleviated exhaustion in these cells by mitigating the
immunosuppressive tumor microenvironment (TME) mediated by
IL-10. This increased Vy9+V&2+ T cell efficacy against Epstein Barr
virus (EBV)-transformed B lymphoma in a humanized mouse
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model. Hu et al. examined the immunosuppressive TME of
hepatocellular carcinoma (HCC) which the authors showed close
correlation with high expression of inhibitory checkpoint
molecules, presence of tumor-promoting immune cells and
various types of programmed cell death. This is associated with
YO T cell subtype imbalance characterized by selective depletion of
cytotoxic V82+ T cells and enrichment of Treg-like V31+ T cells as
well as poorer patient prognosis. These studies underscore the
importance of performing greater in-depth analyses of the cellular
networks and interplay of cytokines in the TME to accelerate the
clinical translation of Y3 T cell therapies.

Over the years, translating yd T cell therapies from bench to
bedside has encountered tremendous challenges. Saura-Esteller
et al. expertly summarized the evolution of ¥ T cell therapeutic
strategies assessed in clinical trials that signifies past progress in
vd T cell research. With a growing list of companies developing
¥d T cell-based or engaging therapies, the authors noted the high
cost of manufacturing Y8 T cell-based products due in part to
requirement for multiple cytokines and prolonged ex vivo
expansion process. Exemplifying continual efforts to reduce Y8
T cell production cost, Ferry et al. described a one-step protocol
utilizing a single cytokine to expand V&1+ T cells. In addition,
the authors demonstrated that these cells were amenable to high
efficiency transduction of chimeric antigen receptors (CARs).
Going forward, development of other ways that harness the anti-
tumor potency of Y3 T cells, namely bispecific yd T cell engagers
and advanced ¥ T cell genome-editing, is expected to widen the
immuno-oncological applications of these cells.

Author contributions

AT and AC discussed findings of various articles of the
Research Topic in broader context of tumor immunotherapy.
AT collated contributions and prepared final version of editorial
by taking into account suggestions from AC and DK.

Funding

This work is supported by the core funds of BTT, A*STAR
and Industry Alignment Fund-Industry Collaboration Projects
(TAF-ICP) grant ID I1801E0037 awarded to AH-MT. AMSC is
supported by National Medical Research Council (NMRC) of
Singapore-Centre Grant NMRC/CG21APR2002.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.876493
https://doi.org/10.3389/fimmu.2022.915366
https://doi.org/10.3389/fimmu.2022.894580
https://doi.org/10.3389/fimmu.2022.894580
https://doi.org/10.3389/fimmu.2022.894315
https://doi.org/10.3389/fimmu.2022.914839
https://doi.org/10.3389/fimmu.2022.872122
https://doi.org/10.3389/fimmu.2022.845974
https://doi.org/10.3389/fimmu.2022.915837
https://doi.org/10.3389/fimmu.2022.915837
https://doi.org/10.3389/fimmu.2022.863155
https://doi.org/10.3389/fimmu.2022.1041362
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Tan et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Sutton CE, Lalor SJ, Sweeney CM, Brereton CF, Lavelle EC, Mills KHG.
Interleukin-1 and IL-23 induce innate IL-17 production from 3 T cells, amplifying
Th17 responses and autoimmunity. Immunity (2009) 31(2):331-41. doi: 10.1016/
j.immuni.2009.08.001

2. Petermann F, Rothhammer V, Claussen MC, Haas JD, Blanco LR, Heink S,
etal. ¥ T cells enhance autoimmunity by restraining regulatory T cell responses via
an interleukin-23-Dependent mechanism. Immunity (2010) 33(3):351-63.
doi: 10.1016/j.immuni.2010.08.013

Frontiers in Immunology

10.3389/fimmu.2022.1041362

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

3. Wu P, Wu D, Ni C, Ye J, Chen W, Hu G, et al. YdT17 cells promote the
accumulation and expansion of myeloid-derived suppressor cells in human
colorectal cancer. Immunity (2014) 40(5):785-800. doi: 10.1016/
jimmuni.2014.03.013

4. Peng G, Wang HY, Peng W, Kiniwa Y, Seo KH, Wang R-F. Tumor-
infiltrating ¥8 T cells suppress T and dendritic cell function via mechanisms
controlled by a unique toll-like receptor signaling pathway. Immunity (2007) 27
(2):334-48. doi: 10.1016/j.immuni.2007.05.020

frontiersin.org


https://doi.org/10.1016/j.immuni.2009.08.001
https://doi.org/10.1016/j.immuni.2009.08.001
https://doi.org/10.1016/j.immuni.2010.08.013
https://doi.org/10.1016/j.immuni.2014.03.013
https://doi.org/10.1016/j.immuni.2014.03.013
https://doi.org/10.1016/j.immuni.2007.05.020
https://doi.org/10.3389/fimmu.2022.1041362
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

:\' frontiers

In Immunology

MINI REVIEW
published: 17 March 2022
doi: 10.3389/fimmu.2022.876493

OPEN ACCESS

Edited by:
Dieter Kabelitz,
University of Kiel, Germany

Reviewed by:

Jean Jacques Fournie,

INSERM U1037 Centre de Recherche
en Cancérologie de Toulouse, France
David Vermijilen,

Université libre de Bruxelles,

Belgium

*Correspondence:
Thomas Herrmann
herrmann-t@vim.uni-wuerzburg.de

Specialty section:

This article was submitted to
Cancer Immunity

and Immunotherapy,

a section of the journal
Frontiers in Immunology

Received: 15 February 2022
Accepted: 23 February 2022
Published: 17 March 2022

Citation:

Herrmann T and Karunakaran MM
(2022) Butyrophilins: y6

T Cell Receptor Ligands,
Immunomodulators and More.
Front. Immunol. 13:876493.

doi: 10.3389/fimmu.2022.876493

Check for
updates

Butyrophilins: yd T Cell Receptor
Ligands, Immunomodulators
and More

Thomas Herrmann™ and Mohindar M. Karunakaran

Institute for Virology and Immunobiology, Julius Maximilians Universitét W(irzburg, Wdrzburg, Germany

Butyrophilins (BTN) are relatives of the B7 family (e.g., CD80, PD-L1). They fulfill a wide
range of functions including immunomodaulation and bind to various receptors such as the
¥d T cell receptor (YTCR) and small molecules. One intensively studied molecule is
BTN3A1, which binds via its cytoplasmic B30.2 domain, metabolites of isoprenoid
synthesis, designated as phosphoantigen (PAg), The enrichment of PAgs in tumors or
infected cells is sensed by VyaVé2 T cells, leading to the proliferation and execution of
effector functions to remove these cells. This article discusses the contribution of BTN,
the related BTNL molecules and SKINT1 to the development, activation, and homeostasis
of ¥8 T cells and their immunomodulatory potential, which makes them interesting targets
for therapeutic intervention.

Keywords: butyrophilin, immune therapy, T cell receptor, ¥ T cell, BTN3A1, BTN2A1, phosphoantigen, tumor

WHAT ARE BUTYROPHILINS?

Eponymous for the butyrophilin family is butyrophilin 1A1 (BTN1A1 in humans, Btnlal in mice).
It controls the fat content of milk and is found in membranes of milk-secreting mammary gland
epithelial cells and fat droplets (1). Interestingly, it is also expressed in the thymic epithelium (2).
The extracellular domains of BTN1A1 and other members of the BITN-family share structural
features with the B7 family (Figure 1) (5). Its cytoplasmic region contains a juxtamembrane coiled-
coiled domain and a B30.2 domain. B30.2 domains are also found in many members of the
“tripartite-motif” family (TRIM), known to be involved in innate immune responses and serve as
platforms for interaction with other proteins (6). The human BTN genes are all part of the gene
cluster located at the telomeric end of the MHC complex on chromosome 6. It contains protein-
encoding genes (7). Four of them; BTN2A1, BTN3A1 (CD277), BTN3A2 and BTN3A3, contribute
to O T cell activation (8-13). While BTN3 genes first emerged in placental mammals (14) BTN1
and BTN2 genes co-emerged with the evolvement of vertebrates (7).

BUTYROPHILINS AND 3 T CELL DEVELOPMENT

Some BTN-, Butyrophilin like (BTNL) and the BTN-related Skint (Selection and upkeep of
intraepithelial T cells) molecules control the development and function of Y3 T cells (5). Y0 T
cells are “non-conventional” T-lymphocytes, which are defined by expression of the Y3 T cell
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antigen receptor (YOTCR). They can be found in nearly all jawed
vertebrates. Y0 T cells differ profoundly from MHC restricted o3
T cells in antigen-recognition, thymic development and selecting
ligand. In contrast to MHC restricted afy T cells, whose TCR
bind with the CDRs (complementarity determining region) 1, 2
and 3 of both the TCRo and B chains to MHC-peptide
complexes, YOTCRs do not share specificity for a common
class of ligands. The known Y3TCR antigens are soluble
molecules such Phycoerythrin, various bacterial proteins and
stress-induced MHC- and MHC-like molecules (15). ¥ T cells
differ from MHC restricted T cells in thymic development,
notably that for some populations of Y8 T cells the strength of
TCR-ligand interaction during thymic development does not
result in classical positive or negative selection, but in
programming for differentiation to IFNy or IL-17-producing
cells (16, 17). Furthermore, YOTCR rearrangements are typical
for certain phases of thymic development and lead to highly
specialized Y0 T-cell populations. The most prominent example
for such a development is the exclusive homing and functional
specialization of the DETC (Dendritic Epidermal T cells) which
help to maintain the barrier function of the skin (18). They are
the first T cell population to develop in a body and are
characterized by their dendritic morphology and a uniform
TCR. The discovery of a mouse strain variant devoid of these
cells led to the discovery of the butyrophilin-related gene Skint1I
gene (4) which together with Skint2 is essential for DETC

BTN3A1
PD-L1

BTN/ BTN BTN BTN
BTNL 3A1 3A2 3A3

Vv

Juxta-
membran

B30.2 O ®

30°

development (19). Classical DETC has been found so far only
in rodents, but interestingly DETC-resembling cells with variable
vd TCR exist in the crab-eating macaques (Macaca fascicularis)
which, in contrast to the DETC negative hominids, carry a
functional SKINTIL (Skintl like) gene (18).

In humans, most of the circulating Y3 T cells contain a V32-
bearing 8 chain, while TCR of resident human yd T cells are
dominated by other V5 (20). Some BTNs and BTNL molecules
control ¥ T cell subset homeostasis and activation and bind to
their TCR (21).

BTN and BTNL proteins are structurally similar, but the
composition and chromosomal location of the gene families
varies between species. In humans and mice, activation of Y3 T
cells and homeostasis of populations of intestinal epithelial Yo T
cells are under the control of BTN and BTNL molecules. Murine
Btnl1-Btnl6 heterodimers interact with Vy7 positive y0 T cells,
and human BTNL3-BTNLS8 heterodimers bind the TCR of V4
positive cells. In the latter case, direct binding to germline-
encoded parts of the y-chain, especially to its hypervariable
region 4 (HV4/CDR4), has been demonstrated, showing
similarities to the interaction of some superantigens with Vf3-
gene-encoded regions of affTCRs (22-24). It is likely that
differential topologies of TCR-ligands prompt unique modes of
signaling, and it has been hypothesized that this superantigen-
like type of binding maintains local cell homeostasis, while
binding to the CDR3s supports an antigen-specific immune

BTNL2
Skint-1

ERMAP MOG

L ]
Plasma
membrane

® stop codon

3¢ loss of function

O PAg-binding site

FIGURE 1 | Butyrophilins as members of the B7 family. Left: A comparison of structures of extracellular domains of programmed death ligand 1 (PD-L1: yellow) and
Butyrophilin 3A1 (BTN3A1: blue). Shown is an overlay of the tertiary structure of both proteins. Differences of the C-domains of both molecules result mainly from a
twist in the orientation of V- and C-lg domains. In an exclusive overlay of V domain alone, similarities in the Ig-V domains would be even more pronounced. Picture is
modified from (3). Right: Schematic representation of human BTN/BTNL family members and mouse Skint1. The protein domains are exemplified for BTN3A1.
ERMAP (Erythroblast membrane-associated protein), MOG (Myelin-Oligodendrocyte glycoprotein). Skint 1 (Selection and upkeep of intraepithelial T-cells 1). The
indicated Stop codon inactivates the Skint1 function in the DETC deficient FVB/N-Tac mouse strain (4).
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response (21). Insights to the physiological significance of BTNL-
TCRy interaction can be expected from a rather frequent copy
number variation, which generates a BTNL3*8 fusion product
not expected to bind to Vy4TCRs (25).

PHOSPHOANTIGEN-REACTIVE Vy9V52
T CELLS AND BUTYROPHILINS

BTN2A1 and BTN3A1 are mandatory for the activation of T cells
carrying the eponymous VY9VO2TCR (10) with a Vy9JP
rearrangement and V82-containing 8-chains. 1-5% of all blood T
cells are Vy9V62 T cells. Usually, Vy9V62 T cells are cytotoxic cells
with a type I cytokine profile, but they also show a remarkable
functional plasticity and are activated by pyrophosphorylated
metabolites of isoprenoid synthesis, the so-called phosphoantigens
(PAgs). One such PAg is isopentenyl diphosphate (IPP), which is
found in all organisms. Another well-studied PAg named (E)-4
Hydroxy-3-Methy-but-2-enyl diphosphate (HMBPP) stimulates
10000-fold better than IPP. It is the precursor of IPP in the
DOXP metabolic pathway for isoprenoid synthesis, common to
many Eubacteria (e.g., Mycobacteria), Apicomplexa such
Plasmodium spp. or Toxoplasma gondii and chloroplasts. HMBPP
initiates the massive expansion of the Vy9V52 T cell population
during infections with HMBPP-producers, which can end up with
up to 50% of human blood T cells becoming Vy9Vé2 T cells. In
some tumor cells IPP levels are increased and trigger their
elimination via Vy9V82 T cells. Increased IPP levels and
concomitant VY9VO2 T cell activation are also induced by amino-
bisphosphonates such as zoledronate, drugs commonly used in the
treatment of bone metastasis or osteoporosis (26).

A breakthrough for the understanding of PAg-induced
VYoVE2 T cell activation, was the finding that in cultures with
peripheral blood mononuclear cells, monoclonal antibodies
against BTN3A stimulated Vy9Vd2 T cells (agonist) or
inhibited their PAg-response (antagonists) (Figure 1). This
effect was dependent on the monoclonal antibodies binding to
BTN3A molecules expressed by antigen-presenting or tumor
cells, and not to the BTN3A molecules on the Vy9V2 T cells (8).
PAg does not bind to the Vy9VS2TCR but needs “presentation”
by other cells that is initiated by binding to the intracellular B30.2
domain of BTN3A1l (9). The PAg-binding induces a
conformational change which leads to the formation of a
BTN3A1-BTN2A1 complex and to a not yet understood
change at the cell surface, which is recognized by the Vy9V52
T cells (27). Whether recognition involves direct binding of
BTN3AL to the TCR or a hypothetical counter receptor on the T
cells, or both, is unclear, but the key role of both proteins in PAg-
stimulation is undisputed. The function of the PAg-non-binding
BTN3A2 and BTN3A3 molecules is to increase the efficacy of the
BTN3A1 action in PAg-mediated stimulation (23).

Insights into the mechanism of PAg mediated VyoV62 T cell
activation came from the comparison of species. The alpaca,
beside humans and primates, is one of the few mammals with
functional BTN3, TCRVY9 (TRGVY9) and TCRVS2 (TRDV2)
genes (14, 28, 29), and possesses PAg reactive VY9Vd2 T cells
(14). Replacing the intracellular region of human BTN3A1 with

that of an alpaca BTN3 results in a chimeric BTN3 molecule
which stimulates as efficiently as the complex of the different
human BTN3A molecules (14). Sequence comparison and
phylogenetic considerations led to the postulation of an
Alpaca-like primordial BTN3 which amalgamates the function
of the human BTN3A family and can be imagined as a BIN3A3-
like molecule with an intact PAg-binding site (15, 29).

Another example of how a comparison of species” differences
helps for a better understanding of PAg stimulation, is the
comparison of rodent cell lines expressing human BTN3A1 with
cell lines carrying single human chromosomes. The comparison
showed that, together with BTN3A1, other genes on human
chromosome 6 are mandatory for PAg presentation (30). Our
strategy to identify the gene(s) was the generation of “radiation
hybrids” by fusing irradiated human chromosome 6-bearing rodent
cells with other rodent cells (11). The chromosomes of the non-
irradiated fusion partner randomly integrate pieces of the
chromosomes of the irradiated cells including those of
chromosome 6. The hybrids were tested, and it was assumed that
only cells carrying the missing (human) genes can present PAgs.
Comparison of human genome fragments of the PAg-presenting
hybrids led to the identification of a 150 kB fragment at the
telomeric end of the HLA complex, which contained the entire
BTN cluster including BTN2A1. The significance of BTN2A1 for
PAg presentation was demonstrated by:

1. Co-expression of BTN2A1 and BTN3Al in rodent cells
which rendered the cells PAg-presenters.

2. BTN2A1 inactivation by CRISPR-Cas9-mutagenesis of
human 293T cells abolished their PAg-presentation capacity.

The Wilcox group in Birmingham, UK, demonstrated that the
V9 part of the TCR binds to BTN2A1 with a similar topology as
BTNL3 to Vy4 (24), which does not involve the TCRS chain (11).
Independently and with another screening system, the groups of
Godfrey and Uldrich, at the University of Melbourne, also identified
BTN2A1 as a key compound of PAg presentation. Both groups
came to very similar conclusions on the interaction of BIN3A1l,
BTN2A1 and VyY9V32TCR (11, 12). However, the ligand(s) of the
VY9VS2TCR in PAg-induced activation is still not known, it is
speculated that it could be a particular conformation of BTN2A1
and BTN3A1. Our working hypothesis is that apart from BTN2A1
and BTN3A1l, other molecules might be involved and that
interaction of the TCR with these molecules implies also
additional CDR3-binding ligand(s) which leads to different
signals than exclusive binding of BTN(L) molecules to the V7 part
of the TCR (11) (Figure 2) 2). In summary, BTN and BTN-like
molecules are essential for the development and TCR-mediated
activation of many, if not all, ¥ T cells.

OTHER FUNCTION OF BUTYROPHILINS
AND IMMUNE THERAPY

BTN2A1 and BTN3AL fulfill various functions. One function of
BTN2AL is its capacity to bind to DC-SIGN, which depends on
the expressing cell type and the degree of its glycosylation state
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(31). An example of BTN3AL1 function is its involvement in the
induction of IFNf production by cytoplasmic- or viral nucleic
acids (32).

The immunomodulatory function of BTN(L) and using it as a
target of immunotherapy is becoming of greater interest. For
some time it has been known that BTN(L)-specific monoclonal
antibodies can amplify activation of T cells and NK cells (5, 33),
while BTN(L) overexpression, soluble BTN(L)-molecules or
BTN(L)-Fc constructs often inhibit T-cell activation [e.g (2,
5)]. However, the involved counter receptors have not been
identified and physiological relevance of this suppression is not
clear. One of the better-understood examples about the
physiological role of BIN(L)s comes from the analysis of
BTN2a2-deficient mice. These show an increased offT cell
response, and shown by cell transfer experiments, this results
from missing Btn2a2 expression of antigen-presenting cells (34).
More recently, involvement was also reported in the regulation of
ILC2-T cell crosstalk (35) and bone resorption (36) and reduced
levels of soluble Btn2a2 in arthritis of in mouse or BTN2A2 in
human arthritis (36).

A study which attracted much attention was the analysis of
the suppression of tumor-specific T cells by BTN3A1 (37), which

® Phosphoantigen
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R
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FIGURE 2 | Working hypothesis on PAg-recognition by Vy9V82 T cells. Left: Under physiological conditions, BTN2A1 binds to the hypervariable region 4 (CDR4 or
HV4) of the Vy9 region of the VyY9VS2TCR. This controls thymic development and homeostasis of Vy9Vé2 T cells. Right: Infection or cell transformation increases
PAg-levels in the presenting or tumor cell. This leads to PAg-binding to the B30.2 domain of BTN3A1, and subsequent binding of the B30.2-PAg complex to the
intracellular domain of BTN2A1. The resulting complex might include additional proteins, which finally bind all CDRs regions of y and & chain and trigger Vy9Vé2 T cell
activation. Please note that so far neither direct binding of the TCR to BTN3A nor existence of an additional ligand recruited by the PAg-binding BTN3A has been

was postulated to be a consequence of BTN3Al-binding to
glycosylated CD45 and concomitant disruption of the
immunological synapse and TCR-mediated signaling. This
immune suppression could be abolished by BTN3A specific
monoclonal antibodies in vitro and in mouse models.
Immunodeficient NGS mice were inoculated with a human
ovarian cancer cell line and treated with combinations of
human tumor-target specific TCR transductants. y0 T cells
cells with and without BTN3 antibodies showed of3 and v T
cell specific effects, by combining inhibition of BTN3-mediated
suppression of the T cell response and agonistic action of agonist
on the Y8 T cells. The other model used was BIN3A1-transgenic
mice inoculated with an immune suppression inducing ovarian
tumor cell line (ID8-Defb29- Vegf-a), where the therapeutic effect
of the BTN3 specific mAb was even superior to PD1 specific
mAb. Interestingly, even in absence of Vy9Vd2 T cells,
administration of zoledronate had also a beneficial effect (37)
which indicates that (partial) reversal of BTN3Al
immunosuppression might also involve PAgs. Another aspect
is the interpretation of an ongoing clinical trial with the agonistic
BTN3A specific monoclonal antibody ICT01 (ClinicalTrials.gov-
Identifier: NCT04243499) where a positive clinical outcome
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might not only result from activation of Vy9V82 T cells (38) but
also by reconstituting a BTN3-suppressed oy T cell.

Very recently a mechanism of immune evasion by expression
of BTNL2 on cancer cells was described, where BTNL2 promotes
IL-17 production by a local ¥ T cell population which enhances
tumor resistance by recruitment of myeloid suppressor cells T
cells (39). Blockade of BTNL2 by a monoclonal antibody had a
significant therapeutic effect for several mouse tumors and acts
synergistically with PD1 blockade. Furthermore, BTNL2 is
expressed in multiple human solid cancers and its expression
level correlates negatively with patients” survival. Thus, BTNL2
may be a target for therapeutic intervention similar as BTN3
although the mechanism of immune evasion is a different one.

To conclude, BTN(L) molecules fulfill immunological and
non-immunological functions of which some affect ¥ T cells and
bear therapeutic potential by targeting them with monoclonal
antibodies similar to those successfully applied for more
conventional B7 family members (40).
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Hepatocellular carcinoma (HCC) is highly malignant and prone to metastasize due to the
heterogeneous and immunosuppressive tumor microenvironment (TME). Programmed
cell deaths (PCDs) including apoptosis, ferroptosis, and pyroptosis routinely occur in the
HCC TME and participate in tumorigenesis. However, how apoptosis, ferroptosis, and
pyroptosis are involved in constructions of the immunosuppressive TME and their
underlying cross-talk remains to be further unveiled. In this work, we deciphered the
immunosuppressive landscape of HCC TME, which demonstrated high expressions of
inhibitory checkpoint molecules and infiltration of protumor immune cells but low infiltration
of antitumor effector immune cells. Further investigations unequivocally revealed that
marker genes of apoptosis, ferroptosis, and pyroptosis are closely correlated with
expressions and infiltrations of inhibitory checkpoint molecules and immune cells and
that higher “-optosis” links to poorer patient prognosis. Notably, such three types of
“-optosis” interact with each other at both the gene and protein levels, suggesting that
they conspiringly induce the establishment of the immunosuppressive HCC TME.
Interestingly, examinations of circulating y6 T cells in HCC patients revealed a
noticeable dysfunction phenotype. The strikingly elevated ratio of the V81" versus the
V82" subset suggested that the V81*/Vd2* ratio would be a potential biomarker for
the diagnosis and prognosis in HCC patients. Altogether, this work thoroughly decrypted
the underlying correlations between apoptosis, ferroptosis, and pyroptosis and the
formation of immunosuppressive HCC TME and, meanwhile, indicated that allogeneic
V82" v3 T-cell transfer would be a promising adjuvant strategy for renormalizing circulating
o T cell and thus achieving sound clinical efficacy against HCC.
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INTRODUCTION

The liver is a major metabolic organ and plays a crucial role in all
metabolism processes in the body. In certain circumstances, such
as alcohol abuse, virus infection, and drugs, liver inflammation
will occur and can deteriorate into hepatic fibrosis, hepatic
cirrhosis, and eventually liver cancer. Generally, tumorigenesis
is a result induced by complicated events, and one determinant
factor is the long-term suppressive or dysfunctional immunity of
hosts. Hepatocellular carcinoma (HCC) is well-known for its
high relapse rate and poor long-term prognosis. Current routine
treatments of HCC rely heavily on chemotherapeutic approaches
(e.g., sorafenib) but have unsatisfactory results. Fortunately,
immunotherapy strategies (1) including immune checkpoint
blockade (ICB) (2) and immune cell therapy (3-5) provide
new opportunities for HCC patients. For example, PD1
blockade therapy is now covered for free by the National
Healthcare Security System of China and benefits the
increasing HCC population. Nevertheless, further decoding of
the HCC tumor microenvironment (TME), especially the
immune landscape, will benefit the development of
immunotherapies. For HCC, how the immunosuppressive
microenvironment is triggered and eventually established
remains to be further illustrated.

The excessive proliferation nature of cancer cells and the
antitumor immunity of the host unavoidably lead to numerous
types of cell death, mainly including programmed (e.g.,
apoptosis) and non-regulated (e.g., necrosis) cell deaths.
Currently, intensively investigated programmed cell deaths
(PCDs) in HCC TME include apoptosis, ferroptosis, and
pyroptosis. Apoptosis belongs to the non-immunogenic cell
death and shall not induce detectable immune responses under
normal circumstances. On the other hand, immunogenic deaths,
ferroptosis, and pyroptosis can result in immune responses due
to the release of various intracellular contents, most acting as
pro-inflammatory signals. Though the role of ferroptosis and
pyroptosis in HCC prognosis had been previously discussed (6,
7), how non-immunogenic apoptosis as well as immunogenic
ferroptosis and pyroptosis cross-talk at the gene and protein
levels and collaboratively contribute to the development of the
immunosuppressive HCC TME remain to be further addressed.

In the HCC TME, there are various types of infiltrated
immune cells, including lymphoid and myeloid linage cells.
Among them, Y8 T cell occupies 6.8%~34% CD3" T cell in the
liver (8, 9) and plays crucial roles in liver protection from virus
infection (10) and tumorigenesis (11, 12). Intra-tumoral yd T cell
was proposed to be one of the best positive prognosis markers for
pan-cancers (13). However, evidence indicated that the two
major subsets of Y8 T cell, namely, V81" and V82" subsets,
possess contradictory roles in antitumor immunity. The V31"
subset tends to perform a Treg-like function in the context of
TME, which expresses high levels of inhibitory surface markers
like CD73 (14) and CD39 (15), as well as cytokines such as IL10
(15) and TGFP (16). The V82" subset, however, is the early
source of IFNYy (17, 18) and performs cytotoxic functions against
transformed cells (19). For years, we have mainly focused on the
V82" subset; most importantly, we innovatively proved the safety

and efficacy of the allogeneic V82" v8 T cells in a series of clinical
studies (4, 5, 20). Therefore, the primary scientific question we
want to illustrate is the performance of the V82" yd T cell in the
context of HCC TME. Here we not only applied bioinformatics
to evaluate the correlations between Y0 T-cell infiltration and
three types of cell death (apoptosis, ferroptosis, and pyroptosis)
but also statistically evaluated the imbalance of circulating yd T-
cell subsets in HCC patients.

Together, our present work revealed that the HCC TME is
globally immunosuppressive, and three types of “-optosis”
(apoptosis, ferroptosis, and pyroptosis) play crucial roles in
creating the immunosuppressive TME and lead to the adverse
prognosis of HCC patients. Moreover, we found that the
proportion of the V381/V52 subsets of circulating ¥& T cell is
functionally imbalanced in HCC patients, suggesting that the
adoptive transfer of allogeneic V&2* y8 T cells from healthy
donors might benefit patients. We further hypothesize that by
taking advantage of apoptosis, ferroptosis, and pyroptosis,
immune cell-based adjuvant therapy (e.g., V62" y8T) might
lead to a better prognosis than chemotherapy alone or
chemotherapy combined with checkpoint blockade.

METHODS AND MATERIALS

Y0 T-Cell Subset Proportioning

in the Healthy Population and
Hepatocellular Carcinoma Patients

To reveal the proportional difference in the two subsets of y0 T
cells from peripheral blood mononuclear cells (PBMCs) between
the healthy population and HCC patients, the raw immune-
phenotyping data of these two populations provided by the
Shuangzhi Purui Medical Laboratory Co., Ltd. (Wuhan, China)
were obtained and analyzed. The healthy population consisted of
170 disease-free adults (age range, 26-72; gender includes both
female and male). The HCC population consisted of 42 patients
(age range, 30-71; diagnosis, HCC I to IV including both
primary and recurrence; gender includes both female and
male). The antibodies used included anti-human CD3, anti-
human TCR V381, and anti-human TCR V&2 antibodies
(BioLegend, San Diego, CA, USA). All examinations were
conducted using BD FACSCanto cytometry (BD Biosciences,
San Jose, CA, USA).

Online Databases and

Bioinformatics Analysis

Tumoral mRNA-sequencing data (level 3) and corresponding
clinical information of 371 HCC patients were obtained from
The Cancer Genome Atlas (TCGA) dataset (https://portal.gdc.
cancer.gov/) by following the related guidelines and policies. The
mRNA-seq data of 50 paired peri-tumor tissue samples, together
with 226 healthy liver tissue samples from the GTEx database
(GTEx V8, https://gtexportal.org/home/datasets), were used as
the control group, which described donors’ clinical information
including gender, race, age, clinical stages, therapy history, and
biospecimen collection. Protein-protein interaction was
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analyzed using the online database (https://string-db.org/). The
R Project for Statistical Computing version 4.0.3 was used for
graph plotting and analysis unless specified otherwise. In our
analysis, HCC patients were divided into three groups (I, II, and
III-1V) according to the clinical stage (pPTNM) due to the limited
amount of stage IV patients. To analyze the multi-gene
correlation, the mRNA-seq dataset from NIH National Cancer
Institute (https://tcga-data.ncinih.gov/tcga/) was also included.
The R software packages ggstatsplot and pheatmap were
respectively used to produce two-gene and multi-gene
correlation maps. Spearman’s analysis was used to describe
the correlation.

As for ferroptosis analysis, the related marker genes were
derived from previously published data (21). The marker genes
for apoptosis were adopted from http://biocc.hrbmu.edu.cn/
CancerSEA/home.jsp. The marker genes for pyroptosis were
from published work (22). Then R packages ggplot2 and
pheatmap were used for data visualization. Based on marker
genes of apoptosis, ferroptosis, and pyroptosis, we wanted to
know whether samples could be clustered into subgroups. The R
packages ConsensusClusterPlus and pheatmap were used to
generate clustering heatmaps. Moreover, the Kaplan-Meier
survival analysis with log-rank test was used to plot survival
curves among groups; p-values and hazard ratio (HR) with 95%
CI were generated by log-rank tests and univariate Cox
proportional hazards regression. For correlation between single
gene and survival, R packages ggrisk, survival, survminer,
glmnet, and timeROC were applied for analysis.

To evaluate immune cell infiltration in the context of apoptosis,
ferroptosis, and pyroptosis, the R package immunedeconv was
applied, which integrates six classes of algorithms, including
TIMER, xCell, MCP-counter, CIBERSORT, EPIC, and
quanTIseq. Meanwhile, the gene expression of inhibitory
checkpoint molecules PDCD1(PD1), CD274(PDL1),
PDCDILG2(PDL2), CTLA4, LAG3, TIGIT, HAVCR2(TIM3),
and SIGLEC15 in HCC tissues were intensively inspected. To
analyze the correlation between “-optosis” related marker genes
and 15 checkpoint molecules, both stimulatory checkpoint
molecules (CD27, CD28, CD40, DNAM1, ICOS, and TNFRSF9)
and inhibitory checkpoint molecules (CD274, CTLA4, HAVCR?2,
LAG3, PDCD1, PDCD1LG2, TIGIT, SIGLEC15, and BTLA) were
included. To assay ICB among HCC subgroup samples, the
potential ICB response was predicted with the Tumor Immune
Dysfunction and Exclusion (TIDE) algorithm (23). p-Value <0.05
was considered statistically significant.

RESULTS

Hepatocellular Carcinoma

Tumor Microenvironment Is

Highly Immune Suppressed

To comprehensively inspect the immune microenvironment of
HCC TME, we firstly compared gene expression of immune
inhibitory checkpoint molecules between tumor tissues and
normal (peri-tumor) tissues, including CD274, CTLA4,

HAVCR2, LAG3, PDCDI1, PDCDI1LG2, TIGIT, and
SIGLEC15. It showed that all inhibitory checkpoint molecules
except for CD274 are significantly upregulated in the HCC
tumor group (Figures 1A, B). Then, 371 HCC samples were
divided into 3 groups based on clinical stage (pTNM), and the
checkpoint molecules were further compared among the 3
subgroups. It turned out that all checkpoint molecules are not
statistically different among subgroups (Figure 1C). Further
analysis revealed that HCC patients with different clinical
stages respond to ICB therapy similarly (Figure 1D). We
further checked the difference of immune cell infiltration
between the HCC and normal groups by CIBERSORT score
comparisons. We found that in the HCC group, scores of
regulatory T cells (Tregs), resting macrophages MO, resting
myeloid dendritic cells (DCs), and activated mast cells are
strikingly increased. On the contrary, CIBERSORT scores of
infiltrated ¥ T cells, monocytes, macrophages M2, and resting
mast cells are all depressed (Figure 1E). Furthermore, we
inspected tissue infiltration of these immune cells among
subgroups according to clinical stages (I, II, III-IV, and
normal) and observed a similar pattern (Figure 1F) to Figure 1E.

Apoptosis Contributes to Establishing the
Immunosuppressive Hepatocellular
Carcinoma Tumor Microenvironment

Due to the excessive proliferation of HCC tumor cells and
corresponding antitumor immunity and because cancer cell
apoptosis routinely occurs in the TME, we first checked the
expression differences of 63 apoptosis marker genes between
HCC and normal tissues. We can see that 48 apoptosis-related
marker genes are significantly upregulated in the HCC group (9
downregulated genes highlighted by blue arrows and 6 genes
with no statistical difference) (Figure 2A). We then analyzed the
correlation between each of the 63 marker genes and the overall
survival (OS) rate and found that only 22 apoptotic genes are
significantly correlated with the OS (p < 0.05). Specifically, 21
genes have negative correlations, while only one gene (PPP2R1B)
has a positive correlation (Supplementary Figure 2A).
Afterward, the multi-gene correlation among these 22 genes
was calculated, as shown in Figure 2B. Moreover, we
intensively analyzed those genes that have a better correlation
with OS (p < 0.01), including BCL10, E2F2, BAK1, BCAP31,
CASP2, SNW1, and STK4. It shows that higher expressions of
these 7 genes lead to poorer prognoses (Figure 2C). Further
analysis revealed that expressions of these 7 genes among
different clinical stages (I, II, and III-IV) are consistently and
greatly upregulated as compared with the normal group, and the
expression level dramatically increases from stage I to stage II1-
IV (Figure 2D). We then found that six of these seven genes
(except BCAP31) are positively correlated with the expression
level of checkpoint molecules and immune cell infiltration
(Figures 2E, F; Supplementary Figure 2B).

Based on the expressions of those 22 genes that are correlated
with OS, 371 HCC samples were further divided into 3 subgroups
using the R package ConsensusClusterPlus (Supplementary
Figure 2C), and the clinical information of these 3 groups is
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FIGURE 1 | Overview of the immune microenvironment of hepatocellular carcinoma (HCC) tissue. (A) Expression difference of inhibitory checkpoint molecules
(CD274(PDL1), CTLA4, HAVCR2(TIM3), LAG3, PDCD1(PD1), PDCD1LG2(PDL2), TIGIT, and SIGLEC15) between HCC and normal tissue samples. (B) Heatmap of
inhibitory checkpoint molecule expression. (C) Expression of inhibitory checkpoint molecules in HCC samples of pTNM stages |, II, and llI-IV. (D) Tumor Immune
Dysfunction and Exclusion (TIDE) score analysis was used to predict the responses to immune checkpoint blockade (ICB) of HCC patients at pTNM stages |, Il, and
l-IV. (E) CIBERSORT score of various immune cell infiltrations in HCC and normal tissue samples. (F) CIBERSORT score of various immune cell infiltrations among
HCC samples of pTNM stages |, Il, and llIHV. *p < 0.05; *p < 0.01; **p < 0.001;

‘-’, ns, no statistical significance.
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FIGURE 2 | Evaluating the underlying correlation between apoptosis and immune microenvironment. (A) Expression spectrum of apoptosis marker genes in
hepatocellular carcinoma (HCC) tumor tissue. Downregulated genes are highlighted by blue arrows. (B) Multi-gene correlation map generated using the genes with
significant (p < 0.05) correlation with the overall survival (OS) rate. A positive value represents a positive correlation; otherwise, a negative correlation. The larger
correlation value means the better correlation between two genes. The three genes labeled with blue color are downregulated genes in panel (A, C) Survival curves
of 7 genes (BCL10, E2F2, BAK1, BCAP31, CASP2, SNW1, and STK4) that negatively correlate with prognosis (p < 0.01). (D) Expression difference of those 7 genes
in HCC tumor tissues among patients with stage |, Il, or llI-V. (E) Correlation analysis between 7 marker genes and checkpoint molecules. Only BCAP31 negatively
correlates with checkpoint molecules. (F) Correlation between 7 marker genes and major types of immune cell infiltration. (G) Spearman’s correlation analysis
between the risk score of the prognostic model (calculated from the 7 marker genes) and immune score (based on TIMER). The horizontal axis represents the risk
score of the prognostic model; the vertical axis represents the immune score. The density curve (red) on the right represents the distribution trend of the immune
score, and the dark-blue density curve on the top represents the distribution trend of the risk score. The p-value and correlation coefficient (b Spearman) are shown
at the top of the respective graph. *p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001; ‘-’, ns, no statistical significance.

naive CD4" T cells, resting NK cells, monocytes, macrophage M1,
and activated mast cells are statistically different among the three
groups (p < 0.01). Further TIDE score analysis revealed that “G2”
and “G3” have better ICB responses. However, OS probability

shown in the table. It shows that the expressions of most
checkpoint molecules (except SIGLEC15) are significantly
elevated in “G2” and “G3” compared with “G1.” CIBERSORT
scores indicated that infiltrations of naive B cells, CD8" T cells,
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shows no statistical difference among the three subgroups.
Furthermore, 7 genes with a p < 0.01 correlation with OS were
used to construct a prognostic signature model using the least
absolute shrinkage and selection operator (LASSO) Cox
regression model. The obtained Riskscore equals (0.072) *
BAKI + (0.1257) * BCAP31 + (0.0895) * BCLIO + (0.2596) *
E2F2 + (0.1424) * SNW1I (Supplementary Figure 2D). Based on
this prognostic model, the correlation between the Riskscore and
immune cell infiltration was further visualized (Figure 2G).

Ferroptosis Is Involved in Constructing

the Immunosuppressive Hepatocellular
Carcinoma Tumor Microenvironment

Given that ferroptosis can be conditionally triggered by
chemotherapy or can spontaneously occur under oxidative stress
in the HCC microenvironment, we then checked the overall
expressions of ferroptosis marker genes between HCC and normal
samples. It shows 19 upregulated and 3 downregulated genes in
HCC (Figure 3A), and the gene correlation in HCC and normal
tissues is shown in Figure 3B and Supplementary Figure 3A. We
then calculated how expressions of these genes would affect patient
prognosis, and we found that higher expressions of genes SLC1A5,
CARS], SLC7AL11, RPLS, and TFRC lead to poorer OS (p < 0.01)
(Figure 3C and Supplementary Figure 3B). Moreover, the
expressions of these 5 genes are gradually enhanced from tumor
stage (pTNM) I to III/IV (Figure 3D). Subsequently, the correlation
between these 5 genes and checkpoint molecules or immune cells
was analyzed, as shown in Figures 3E, F. Moreover, HCC samples
were also sub-clustered into 4 groups based on the expression of 22
ferroptosis marker genes, showing the difference in immune cell
infiltration as well as expressions of inhibitory checkpoint molecules
among subgroups (Supplementary Figure 3C). TIDE score
revealed that these 4 subgroups respond to ICB differently, and
the OS probability among groups is statistically different (p < 0.001).
Furthermore, a prognostic signature model was constructed, and the
obtained Riskscore equals (0.1218) * CARSI + (0.0359) * RPL8 +
(0.0095) * TFRC + (0.1585) * SLC7AIl + (0.1652) * SLCIA5
(Supplementary Figure 3D), which was used to calculate the
correlation between the Riskscore and immune cell
infiltration (Figure 3G).

Pyroptosis Conspires in Creating the
Immunosuppressive Hepatocellular
Carcinoma Tumor Microenvironment

In addition to ferroptosis, pyroptosis is another type of
inflammatory cell death. It is thus interesting to unveil the
relationship between pyroptosis and the immune response in
the HCC microenvironment. We found that, among 33 marker
genes, 21 genes are upregulated, 6 genes are downregulated, and
6 genes have no statistical difference (Figure 4A). Further
analysis revealed that only 6 genes (CASP3, GSDME, NLRC4,
NLRP6, NOD1, and PLCG1) are statistically correlated with the
OS rate of HCC patients (p < 0.05) (Figure 4B and
Supplementary Figure 4A), and only GSDME, NLRP6, and
NODI1 are significantly correlated with the OS (p < 0.01).
Moreover, genes GSDME and NOD1 expressed higher in

pTNM stage III-IV compared with stages I and II
(Figure 4C). Further evaluation revealed that these 6 genes
except NLRP6 are all positively correlated with checkpoint
molecule expression and immune cell infiltration (Figures 4D,
E). Additionally, all HCC samples can be grouped into two
subclusters based on pyroptosis marker genes (Supplementary
Figure 4B), and then expressions of checkpoint molecules,
immune cell infiltration (TIMER and CIBERSORT scores),
ICB, and the OS probability between two subgroups were all
deciphered (Supplementary Figures 4C, D). The prognostic
signature model was also generated by using the genes with
p < 0.01, and the Riskscore equals (0.2413) * GSDME +
(-0.2142) * NLRP6 + (0.0892) * NODI, and the correlation
between the Riskscore and immune cell infiltration was obtained
(Figure 4F and Supplementary Figure 4E).

Cross-Talk of Apoptosis, Ferroptosis, and
Pyroptosis in Hepatocellular Carcinoma
Tumor Microenvironment

In the context of HCC TME, apoptosis, ferroptosis, and pyroptosis
occur in an interconnecting manner, and their cross-talk may exist
at both the gene and protein levels. We thus evaluated those
marker genes that have a p < 0.01 correlation with the OS rate of
HCC patients and found that these three types of “-optosis” genes
do show cross-talk at the genomic level (Figure 5A and
Supplementary Figure 5A). For example, NOD1 (pyroptosis
gene) associates with both apoptosis genes (BCL10, CASP2,
STK4, E2F2, and BAK1) and ferroptosis genes (TFRC, SLC1AS5,
and CARS1), and apoptosis gene BCL10 connects with pyroptosis
genes (NOD1 and GSDME) and ferroptosis genes (SLC1A5,
TFRC, CARS], and SLC7A11). The protein-protein correlation
analysis (STRING database, https://string-db.org/) further
supports the analysis at the mRNA level, clearly showing the
existing interactions among apoptosis, ferroptosis, and pyroptosis
at the protein levels (Figure 5B and Supplementary Figure 5B).
Next, we examined the protein-protein interactions between 15
checkpoint molecules and the “-optosis” genes that significantly
correlate (p < 0.01 and <0.05, respectively) with the OS rate
(Supplementary Figures 5C, D); the result indicated that only 5
checkpoint molecules (CD27, CD28, CD40, CTLA4, and PDL1)
correlate with “-optosis” proteins. Afterward, 15 “-optosis” genes
(significantly correlating with the OS rate, p < 0.01) were used to
construct the prognostic signature model, and the obtained
Riskscore (Supplementary Figure 5E) was correlated with
immune cell infiltration (Figure 5C), indicating positive
correlations with 6 main types of immune cells and specifically
relative higher correlations with neutrophils, macrophages, and
myeloid DCs (Pspearman > 0.4).

Apoptosis—Ferroptosis-Pyroptosis
Collaboratively Induces
Immunosuppressive Hepatocellular
Carcinoma Tumor Microenvironment

Since cross-talk of apoptosis, ferroptosis, and pyroptosis was
demonstrated at both the gene and protein levels, it is interesting
to decode whether they conspiringly participate in inducing the
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FIGURE 4 | Expression of pyroptosis marker genes and their immune correlation in the context of hepatocellular carcinoma (HCC). (A) Expression profile of
pyroptosis marker gene in HCC and normal tissue. The downregulated genes in HCC are pointed by blue arrows. (B) Three marker genes are significantly correlated
with prognosis (p < 0.01); specifically, NLRP6 positively correlates with the overall survival of HCC patients. (C) Expression comparison of these 3 genes (GSDME,
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immune-suppressiveness of HCC TME. We thus analyzed how

each marker gene (p < 0.01 correlation with the OS) correlated

with immune cell infiltration (Figure 5D). The result
unequivocally indicates that tumor-infiltrating Tregs,

macrophage MO, resting myeloid DCs, and activated mast cells
are all significantly enriched in the context of expressions of the
listed marker genes. Meanwhile, ¥& T cell, monocytes,
macrophage M2, resting mast cells, and neutrophils are all
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significantly suppressed. Importantly, both enriched and reduced
immune cells significantly (p < 0.001) correlate with the
“-optosis” marker genes regardless of their high or low
expression in HCC tissue compared with normal tissue.
Additionally, OS analysis generated by the prognostic signature
model shows that higher expressions of marker genes (p < 0.01
correlation with the OS) of apoptosis, ferroptosis, and pyroptosis
lead to poorer prognosis both individually (Figures 6A-C) and
collaboratively (Figure 6D) (Supplementary Figures 2D, 3D,
4E, and 5E). These results again suggest that apoptosis,
ferroptosis, and pyroptosis altogether participate in creating
the immunosuppressive HCC TME.

Immunosuppressive Hepatocellular
Carcinoma Tumor Microenvironment
Induces 6 T-Cell Imbalance

Since the liver is one of the richest sources of tissue-resident Yo T
cells, and our previous works unequivocally proved that adoptive
transfer therapy of allogeneic V82" ¥8 T cells could safely and
efficiently help control liver cancer progression or even achieve
complete remission (4, 5), we thus focused on exploring how Yo
T cell is repressed in the HCC TME (Figure 5D). We tried to
inspect the underlying difference of circulating yd T cells between
the healthy population and HCC patients. We found that even
though the global proportion of Y3 T cells in CD3" T cells is not
statistically different between healthy and HCC populations, the
V31" subset dramatically elevated, while the V32" subset
strikingly reduced in the HCC population (p < 0.0001)
(Figure 6E). This leads to a striking augmentation of the
V817/V32" ratio in the HCC population. Further analysis
revealed the significant reduction of NKG2D expression in the
V31" subset, but not expressions of PD1, NKP30, and NKP46.
For the V82" subset, expression of PD1 is greatly increased in the
HCC group, implying depressed antitumor immunity of V82" yd
T cells. For other makers, NKG2D, NKP30, and NKP46 show no
statistical difference between the healthy and HCC groups
(Figures 6F, G).

DISCUSSION

It is commonly recognized that the TME is immunosuppressive,
which results from many regulatory factors, including low pH
value, hypoxia, nutritional deficiency, metabolic pathways
remodeling, inflammation, and others (24, 25). Our focus in
this work is to decipher the immune landscape of the HCC TME,
facilitating clinical efficacy predictions of immunotherapies.
Firstly, our global evaluation of HCC transcriptomic data
unequivocally reveals that compared with normal tissue, HCC
tissue expresses significantly higher inhibitory checkpoint
molecules, including CTLA4, HAVCR2, LAG3, PDCDI,
PDCDI1LG2, TIGIT, and SIGLECI15. Notably, expressions of
these checkpoint molecules are independent of the pTNM
stages of patients, therefore clearly suggesting that HCC
patients with various pTNM stages will have similar responses
to ICB therapy. Then, CIBERSORT evaluation revealed that

HCC TME is indeed immunosuppressive, evident by
significantly more infiltration of Tregs, activated mast cells,
and MO0 macrophages. Meanwhile, HCC TME strikingly
suppresses Y0 T-cell infiltration, inhibits the differentiation of
macrophages from MO0 to M2, dampens the activation of myeloid
DCs, and reduces neutrophil infiltration. Importantly, the
infiltration of these immune cells shows no statistical difference
among samples of different pTNM stages I-IV. Together, we can
conclude that HCC TME is highly immunosuppressive, and the
patients with different pTNM stages I-IV probably respond to
ICB and immune cell therapy similarly.

Inflammation, which causes various types of diseases, is one of
the major inducers that closely coordinates with the establishment
of the immunosuppressive TME. In HCC TME, inflammation
mainly originates from continuous cell death in the context of
excessive proliferation of cancer cells. Cancer cell death could be
classified into two types, immunogenic and non-immunogenic
deaths. Ferroptosis and pyroptosis belong to immunogenic cell
death, while apoptosis is a type of non-immunogenic cell death.
We thus tried to understand how these three types of PCD
(apoptosis, ferroptosis, and pyroptosis) are involved in
constructing the immunosuppressive HCC TME. We found that
in HCC, most marker genes of the three types of “-optosis” are
significantly upregulated, implicating that apoptosis, ferroptosis,
and pyroptosis indeed occur routinely in HCC TME. Notably,
further inspections indicated that only 7 apoptosis marker genes, 5
ferroptosis marker genes, and 3 pyroptosis marker genes have
strong correlations (p < 0.01) with the OS rate. This implies that
the occurrence of “-optosis” in HCC TME can directly impact the
clinical prognosis. Moreover, most of these 15 marker genes are
upregulated gradually from pTNM stage I to IV, implying an
increasing tendency of “-optosis” from the early to the late stage of
liver cancer.

Previously, the gene-gene correlations between checkpoint
molecules (both stimulatory and inhibitory) and “-optosis”
related marker genes remain largely unknown. After thorough
analysis, we found that nearly all “-optosis” marker genes (p < 0.01
correlation with the OS) are positively and significantly correlated
with expressions of checkpoint molecules except BCAP31, RPLS,
and NLRP6 (Figures 2E, 3E, and 4D). This partially explains why
the higher expression of “-optosis” marker genes leads to poor
prognoses. Even though these marker genes positively correlated
with infiltrations of immune cells (B cells, macrophages, myeloid
DCs, neutrophils, CD4" T, and CD8" T) as well (Figures 2F, 3F,
and 4E), further immune cell subsets explorations revealed that
the enriched immune cells mainly consist of inhibitory cells (Tregs
and activated mast cells) and resting immune cells (resting
macrophages and DCs) (Figure 5D). Meanwhile, antitumor
effector immune cells are greatly suppressed, including Y5 T cells,
monocytes, and neutrophils. Such immune phenotype of HCC
TME probably links with checkpoint molecules CD27, CD40,
CD28, and CTLA4, which leads to enriched inhibitory cells while
depleting effector immune cells, although this hypothesis needs to
be validated experimentally. These pieces of evidence altogether
indicated that the three types of “-optosis” collaboratively
orchestrated the immunosuppressive nature of HCC TME, thus
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FIGURE 6 | High expressions of apoptosis, ferroptosis, and pyroptosis-related marker genes in hepatocellular carcinoma (HCC) lead to poorer prognosis
and implicate y3 T-cell depletion, particularly V82* y8 T-cell depletion. (A-C) The “-optosis” marker genes were used to create the prognostic signature
model using the least absolute shrinkage and selection operator (LASSO) Cox regression model (cited from Supplementary Figures 2D, 3D, 4E), the
correlations between the Riskscore and overall survival (OS) are graphically shown here. It shows higher expression of marker genes positively correlates
with higher risk coefficient (HR > 1), leading to poorer clinical outcome. (D) Correlation between the Riskscore (generated using 15 “-optosis” marker genes)
and the OS (cited from Supplementary Figure 5E). Higher Riskscore leads to a poorer prognosis. (E) Circulating yd T-cell phenotypes from the healthy
population and HCC patients were analyzed using flow cytometry, including the proportion of y8 T cell in CD3* T cells, V81 subset in y8 T cell, V82" subset
inyd T cell, and the V81*/V82" ratio. (F) Functional phenotypes of circulating V81" ¥8 T cell, including expressions of NKG2D, PD1, NKP30, and NKP46. (G)
Functional phenotypes of circulating V82* v8 T cell, including expressions of NKG2D, PD1, NKP30, and NKP46. ns, no statistical significance; ***p < 0.001;
****p < 0.0001.
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addressing why HCC patients with higher expression of “-optosis”
marker genes had poorer responses to ICB therapy.

Since Y3 T cells reside preferentially in the liver and play a key
role in preventing liver tumorigenesis, we thus analyzed
phenotypic profiles of circulating yd T cells in HCC and
healthy populations. Universally, V82" is dominant over V81"
subset in the peripheral blood of the healthy population and
accounts for over 50% of total Y0 T cells. Under immune-
suppressed conditions, the V32" subset is slowly depleted in
the context of long-term stimulation of phosphoantigens
presented by cancer cells and myeloid cells; however, the V1"
subset can survive, as it is more Treg-like. This interpretation can
be supported by results that the V31" subset was enriched in
HCC patient blood, while the percentage of the V82" subset was
strikingly decreased. Because the data show that more than 90%
of the healthy population has the V31"/V82" ratio < 4 and more
than 63.4% of HCC patients have the V817/V2" ratio > 4, we
thus propose that 4 can be used as the threshold value of the
VO817/V82" ratio since higher V3817/V82" ratio implies more
suppressive immunity of the host. Whether or not the proposed

V317/V32" ratio can be a predictive factor for discriminating
healthy (<4) or sub-healthy conditions (>4 with no medical
abnormalities) and for predicting HCC prognosis (<4 links with
better prognosis) needs further validation with a larger scale of
clinical samples. Nevertheless, the imbalanced V817/V32" ratio
has the potential to be used as an indicator in health checkups
and clinical prognosis. Additionally, reduced NKG2D expression
of the V81" population suggests depressed cell activation and
probably enhanced survival ability of the V81" subset in HCC. In
contrast, a significantly higher PD1 expression in the V&2*
population indicated the depressed cytotoxicity of the V82" vd
T cell in the HCC group (Figures 6F, G). Together, we can
conclude that in the context of HCC, the V31" subset survives
and consists of the main yd T-cell population, whereas the V2"
subset is more vulnerable to long-term stimulation of
phosphoantigens and is easily depleted or suppressed.

In conclusion, the HCC TME is highly immunosuppressive,
leading to high expressions of inhibitory checkpoint molecules
and limited infiltrations of antitumor immune cells. Our study
revealed that apoptosis, ferroptosis, and pyroptosis conspiringly
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FIGURE 7 | The sketch diagram depicts the establishment of immunosuppressive hepatocellular carcinoma (HCC) tumor microenvironment (TME). The excessive
growth of cancer cells accompanies by apoptotic, ferroptotic, and pyroptotic deaths, leading to the construction of the inflammatory microenvironment and subsequently
immunosuppressive TME. The immune profile of the TME appears as enrichments of Tregs, activated mast cells, MO, and resting myeloid dendritic cells (DCs) but
reductions of y8 T cells, M2 cells, monocytes, resting mast cells, and neutrophils. Long-term stimulation in the TME leads to a predominant V&1* population in total y8
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induce the establishment of the immunosuppressive HCC TME.
The immunosuppressive landscape of the HCC TME was shaped
by the high expression of inhibitory checkpoint molecules and
enrichments of Tregs, activated mast cells, MO, and non-
activated myeloid DCs but low enrichments of antitumor
effector cells such as yd T cells, M2 cells, monocytes, and
neutrophils (Figure 7). Our bioinformatics evidence also
showed that the inactivation of the TME infiltrating immune
cells might be mediated by checkpoint molecules. Finally, since
cytotoxic V82" 3 T cell is selectively depleted whereas Treg-like
V31" ¥8 T cell is upregulated in HCC, the adoptive transfer
of allogeneic V32" y3 T cells could be a promising
immunotherapeutic strategy for this malignant cancer (4, 5).
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¥ T cells are unconventional T cells, distinguished from o8 T cells in a number of functional
properties. Being small in number compared to aff T cells, ¥ T cells have surprised us
with their pleiotropic roles in various diseases. 0 T cells are ambiguous in nature as they
can produce a number of cytokines depending on the (micro) environmental cues and
engage different immune response mechanisms, mainly due to their epigenetic plasticity.
Depending on the disease condition, yd T cells contribute to beneficial or detrimental
response. In this review, we thus discuss the dichotomous nature of ¥d T cells in cancer,
neuroimmunology and infectious diseases. We shed light on the importance of equal
consideration for systems immunology and personalized approaches, as exemplified by
changes in metabolic requirements. While providing the status of immunotherapy, we will
assess the metabolic (and other) considerations for better outcome of y6 T cell-
based treatments.

Keywords: gamma delta T cells, immunotherapy, cancers, infection, neuroimmunology, metabolism, multi-omics

INTRODUCTION

T cells and B cells have emerged as primary lymphocytes lineages throughout 500 million years of
evolutionary conservation, mainly generating antigen receptor diversity through somatic
recombination (1, 2). The broad range of diversity is achieved by the recombination events
occurring on human chromosome 7 for TCR vy and B chain genes, and on human chromosome
14 for TCR o and § chain genes. TCR v and d genes in mice are located on chromosomes 13 and 14,
respectively (3, 4). The variable regions of TCR chains comprising of variable (V), diversity (D), and
joining (J) elements give rise to the broad range of diversity which enables recognition of foreign
molecular patterns (3). Conventionally, TCR o and B chains are rearranged and expressed on the
surface to become oy T cells (~95% of CD3" T cells in human peripheral blood), while TCR yand &
chain-expressing cells become ¥8 T cells (~5% of CD3" T cells in human peripheral blood). TCR y
and J chain genes are further classified into subfamilies, consequently, the multiple combinations of
these TCR family genes generate many functional Y0 T-cell subsets such as Vy9'V32, Vy9'V§2, Val
and V&3 which can be paired with various V7 chains. Depending on the ontogeny of the subset, the
phenotypic distribution and ligand recognition change dramatically (5). The V81 subset is abundant
in the intestine and gut, but it is a minor population in the peripheral blood. This is in contrast to
the V&2 subset which is a major population in circulation and a minor subset in the mucosa.
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Dichotomy of gd T Cells

The features and functions of both aff and ¥8 T cells differ
remarkably well depending on the thymic and extrathymic
origin, as extrathymic T cells are more functionally “innate”
immune cells (6, 7). Mouse ¥8 T-cell subsets develop through
successive but coordinated waves and reside in most of the
peripheral tissues. These murine Y0 T cells, classified based on
TCR 7y chains, are mainly found in two functional states
depending on interferon-y (IFN-y) or interleukin-17 (IL-17)
production (8).

Y0 T cells possess a unique potential of functional plasticity.
Within the tumor milieu, ¥d T cells produce cytokines (e.g. IFN-y
or IL-17), which are associated with the prognosis of different
kinds of cancers. This dual roles of human yd T cells in cancer
has been recently reviewed (9). Since Y0 T cells possess a
dichotomous nature in cancer, autoimmunity and infections,
this review will focus on mechanisms of y0 T cells in those areas;
however, being aware about the fact there are important
advances in other fields such as modes of antigen recognition
(5, 10), fetal ontology (11, 12), and involvement in hepatic or
gastro-intestinal diseases (13-16), which is out of the scope of
this review. Apart from the basic understanding of y0 T-cell
subsets and their function in health and diseases, the use of Y5 T
cells for immunotherapeutic applications is of great interest.
Additionally, other recent technological advances such as single-
cell omics, 3D organoid models or humanized mice will facilitate
the progress in harnessing the therapeutic potential of human Y8
T cells. In this review, we discuss the pivotal features of Y3 T cells
and their potential for therapeutic approaches.

DICHOTOMY OF yd T CELLS

Y0 T cells in Cancers - a Double-

Edged Sword

Due to their potential of immunoserveillance and anti-tumor
response, YO T cells are found to be involved in several types of
cancer including hematological malignancies (17), glioblastoma
(18), gastric (19), colorectal (20) and breast cancer (21).
Dysregulated mevalonate metabolism in cancer cells often leads
to the accumulation of phosphoantigens (pAg) such as
Isopentenyl Pyrophosphate (IPP), which potentiates Vy9V52 T-
cell cytotoxicity (22). IPP can be released to the extracellular space
where it is recognized by V&2 T cells via ATP-binding cassette
transporter A1 (ABCA1) and apoliprotein A-I (apoA-1) (23).
Recent studies have shown that phosphoantigens are bound by
butyrophilins (BTN), specifically BTN3A1 and BTN2A1, which
then interact with the TCR of V&2 T cells. Formation of such a
signaling complex results in V92 T-cell activation and in the anti-
tumor activity (24, 25). Though the molecular details of
butyrophilins- yd TCR signaling complex is largely unknown, a
landmark study showed that BTN3A1 (an isoform of CD277) and
its intracellular B30.2 domain are absolutely essential for inside-
out signaling to activate V82 T cells (26), which is further
modulated by Rho-GTPase (27). Dissecting this molecular
complexity further, it was revealed that Vy9V32 TCR is required
initially for T-cell activation and formation of immune synapse

(IS) with CD277 (recruiting BTN3A1 and BTN2A1, independent
of pAg), upon which latter provides mandatory coactivation signal
and stabilizes IS in a pAg-dependent manner (28).

In addition to the butyrophilins (as mentioned above) and
B7 superfamily-like proteins, major histocompatibility class
(MHC) - like antigens and immunoglobulin (Ig) -like
antigens have also been identified as antigens for Yo T-cell
subsets [extensively reviewed in (5)]. For example, V31 T cells
recognize self-derived or foreign lipids bound by the CD1d
molecule on the surface of target cells (29, 30). Other
interesting examples of MHC-like antigens are MHC-related
protein 1 (MR1), ephrin type-A receptor 2 (EphA2) and
endothelial protein C receptor (EPCR) (31-33). MR1 is a
Vitamin B precursor and known antigen for mucosal
associated invariant T cells, but recently shown to be
recognized by V81 T cells from healthy individuals and in
some diseases (31). EphA2 and EPCR are well known stress-
ligands. EPCR serves as a ligand for human Vy4V35 subset-
specific recognition of endothelial cells infected by
cytomegalovirus and epithelial tumors (33). Not only EPCR,
annexin A2 (an Ig-like antigen) is also recognized by Vy8V43
subset during cellular stress surveillance (34). Interestingly,
non-physiological molecules like red algal protein
phycoerythrin have also been reported as antigens for human
and murine IL-17-producing Y3 T cells (35). Furthermore, the
functional plasticity of ¥ T cells includes a response mediated
by CD16 and thus participates in the antibody-dependent
cellular cytotoxicity (ADCC). It has been shown to enhance
V82 T cell function towards lymphoma cells with the use of
anti-CD20 (36, 37). Vy9Vd2 T-cell cytotoxicity can also be
mediated by the production of cytokines (e.g. IFN-y and TNEF-
o), cytotoxic (e.g. granzymes) and apoptotic molecules (e.g.
TRAIL), and/or via NKG2D receptor-ligand axis (22).

v T cells are highly pleiotropic in function as they possess
both anti-tumor and pro-tumor activities in the tumor
microenvironment (TME). ¥ T cells are the early producers of
IFN-y during tumorigenesis (38), while IL-2 and IL-15 are the
potent inducers of cytotoxic potential (39, 40), which provide an
important cancer immunomodulating factor to promote other
cytotoxic T lymphocyte responses. Tumor-infiltrating y8 T cells
preferentially produce IFN-y and are positively associated with
better patient outcome in case of colon cancer (20). Also,
intracellular IFN-y expression only after phorbol ester and
ionomycin (PMA/Iono) stimulation was remarkable in Y T
cells from TME of ovarian cancer (41). IFN-y producing y6 T
cells exert their anti-tumor functions by upregulating MHC class
I molecules and CD54, thus further enhancing CD8 T-cell-
mediated killing (42). Conversely, 8 T cells producing IL-17
have been suggested to negatively impact the progression of
colon (43), gallbladder (44), and breast cancer (45), either by
suppressing immune cell functions, promoting immune cell pro-
tumor activity, or by inducing angiogenesis. Hypoxia, which is
commonly found in solid tumors, was attributed to reduce
cytotoxic activity of Y9 T cells in oral cancer patients (46) and
enhance IL-17 production. Furthermore, Y3 T cells provide pro-
tumor inflammatory conditions and thus favor tumor
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progression, participating in most of the hallmarks of cancer
(47, 48).

Y0 T Cells in Autoimmune Disease of the
Central Nervous System

Classically, ¥0 T cells are known to possess the properties of
innate immune cells such as rapid expression of IFN-y or IL-17
in response to cytokine supplementation without TCR
engagement. TME drives IL-17 production in ¥ T cells and
hence provide evidence for the yd T-cell function as a
consequence of (micro) environmental signals. The capacity to
produce IL-17 is attributed to epigenetic regulation (49). IL-17
producing yd T cells are implicated in autoimmunity and
inflammatory conditions. Results from experimental
autoimmune encephalomyelitis (EAE), a mouse model of
multiple sclerosis (MS), provide evidence that ¥ T cells serve
as important source of cytokines IL-17 and IL-23 and
consequently amplify IL-17 production by Thl7 cells (50).
Vice versa, IL-17A is also important for the recruitment of IL-
1B secreting myeloid cells that prime pathogenic Y0T17 and
Th17 cells in EAE (51), suggesting a regulatory loop. One effect
of IL-17 producing Y8 T cells is to interfere with regulatory T cells
(Treg) development by preventing the conversion of
conventional T cells into Foxp3™ Treg cells as elicited using
IL23R reporter mice (52). This observation was additionally
supported by enhanced antigen-specific T cell responses by o
T cells. In EAE, Vy4'IL-17 producing Y0 T cells differentiate in
the draining lymph nodes, mediated by IL23R and through
activation of 1117 locus, but not via IL-1R1 (53).

Those alterations hold also true for MS. Using single-cell
RNA-seq and spatial transcriptomics Th17/Tth cells have been
identified as cellular marker of MS disease progression (54).
Though EAE is skewed towards IL-17 producing 0 T cells,
studies in human have shown a more remarkable association of
MS with IFN-y producing y8 T cells. V81 T cells were shown to
produce a high amount of IFN-y in newly diagnosed, untreated
MS patients, which was decreased by treatment with natalizumab
(55). Contrarily, single or dual expression of IFN-y and IL-17 by
V&2 T cells is lower in MS patients compared to healthy controls
(56). There is also evidence of direct cytotoxicity towards
oligodendrocytes by ¥0 T cells (57). Y8 T cells could therefore
serve as marker of disease activity. Circulating CCR5" y8 T cells
are decreased during MS relapse in line with higher frequency of
IFN-y" ¥8 T cells, assuming a Thl profile (58). Hence, beside
other nonconventional immune cells, single-cell resolution
identified specific ¥ T cell subsets as contributor of MS
disease activity with potential as therapeutic target.

Y0 T Cells in Infection

IL-17 production by Th17 cells is usually associated with
protection against bacterial and fungal infection through their
effector function (59). In 2009, the pivotal role of CCR6" ¥d T
cells characterized by IL-17 production, innate receptor
expression and recruitment of neutrophils was identified for
the first time as first line response to mycobacteria and Candida
albicans (60). Unlike oy T cells, IL-17 producing ¥d T cells are
not associated with the engagement of TCR (50, 60, 61). These

observations are highly intriguing, since transcriptionally distinct
0B-y0 co-expressing T cells have been discovered, which produce
IL-17 upon stimulation by IL-1f and IL-23 and play a
pathogenic role in the CNS autoimmunity in EAE. The
characterization of TCR revealed that these hybrid off-yd T
cells are mainly Vy4* and TCRB' and importantly, provide
protection against Staphylococcus aureus infection (62). This is
consistent with findings showing that Vy6'Vd4™ T cells are
clonally expanded in skin-draining lymph nodes after S. aureus
infection in mice. RNA-seq analysis of TRG and TRD sequences
revealed the clonal expansion of TRGV5, TRGV6, and TRDV4
(63). In contrast to murine yd T cells, human ¥d T cells play a
diverse role in infection immunity. Human V32 T cells have been
known to respond strongly to phosphoantigens such as (E)-4-
hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP) which is
a metabolite produced by microbes via the 2-c-methyl-D-
erythritol 4-phosphate (MEP) pathway (64). V&2 cells are
protective in Plasmodium falciparum infection (65). Recently,
it was shown that ¥ T cells kill infected red blood cells by
phagocytosis and opsonization via CD16, in addition to the
BTN3A1-TCR mediated degranulation process (66). This host
defense mechanism adds a new aspect to the ¥d T-cell function
and engagement during immune response. Whether the
phagocytotic machinery of ¥0 T cells is also involved during a
response to other pathogens remains to be determined.

For a long time, the role of y0 T cells in mycobacterial
infection has been studied in human and animal models.
Mycobacterium tuberculosis (Mtb) was one of the first bacteria
described to induce yd T cell immune responses (67) by
recognizing Mtb antigens. Bacillus Calmette-Gueérin (BCG)
vaccine, the only vaccine protecting against tuberculosis, has
been broadly administered worldwide and it has been shown to
generate a protective V2 T cell memory response against Mtb
infection (68). BCG has been also suggested to provide
heterologous protection against infections that are not related
to Mtb (69-72). In fact, in the early 90s, it was shown that in vitro
pre-expanded Y0 T cells with M. tuberculosis were able to
proliferate in response to re-challenge with unrelated
pathogens such as Listeria monocytogenes, group A
streptococci or S. aureus (73). These results indicate that
human y8 T cell responses are not pathogen-specific therefore
raising the question, whether BCG-induced ¥d T cells contribute
to their cross-protective effect and whether they can develop
innate immune cell memory referred to as “trained immunity”.
Trained immunity was first described in monocytes and
macrophages (which have a shorter half-life) (74, 75).
Therefore, those might be less suitable vaccination targets to
provide long-term protection. The characterization of trained
immunity in long-lived ¥8 T cells could potentially open new
avenues in designing effective vaccines with cross-protective
effects. Whether immune memory responses of 0 T cells
contribute to the protection induced by other vaccines still
needs to be explored.

Altogether, it is crucial to broaden the mechanistic knowledge
about the role of Y8 T cells in infections using systems
immunology approaches such as single-cell multi-omics to
provide better therapeutic interventions. This is especially vital
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for the development of new generation vaccines, which would
not only trigger o} T cell memory responses but also harness the
therapeutic potential of Y3 T cells.

vd T CELLS IN SYSTEMS IMMUNOLOGY -
A HOLISTIC APPROACH

The systems approach is defined by the use of a broad strategy
for understanding the outcome of a complex set of components
(76). Multi-omics methods and systems immunology measures
help to investigate changes in the proteome, phenome,
transcriptome, epigenome, metabolome, microbiome as well as
cell-to-cell communication, all of which shape immune cell
responses. A decade ago, these measurements were performed
on a bulk cell population. Nowadays, it is possible to use these
methods at a single-cell resolution. Such datasets are made
publicly available by international consortia such as ImmGen
(https://www.immgen.org) for mouse immune cells and the cell
atlas for humans (https://www.humancellatlas.org).
Additionally, due to increasing efforts to combine
interdisciplinary approaches such as computational biology
together with data science and machine learning (77), a
comprehensive study of immune cells and their responses is
feasible in defining disease severity/progression, therapeutic
response, or even vaccine effects. Indeed, a new field of
“systems vaccinology” has emerged with the aim to
comprehensively analyze the immune response to vaccination
and understand potential new mechanisms of protection (78).
This will allow immunologists to consider the individual human
variation, possibly identifying the reasons driving differential
immune responses. This holds specifically true for y0 T cell
responses, which are largely shaped by environmental factors
and not genetic control (79). A milestone study for chimeric
antigen receptor (CAR) T cells by Melenhorst et al. (2022) shows
an impeccable use of single-cell multi-omics and systems
immunology methods (80). In this longitudinal study, authors
analyzed CD19 chimeric antigen receptor (CAR) T cells in two
chronic lymphocytic leukemia patients over 10 years after
successful CAR T cell transfer. In the earlier time-points, CD4
CD8 Helios™ CAR T cells in one of these patients were found
using cytometry-by-flight (CyTOF) method. Further
characterization using 5’cellular indexing of transcriptomes
and epitopes by sequencing (CITE-seq) with TCR-seq found
that these cells were Y8 CAR T cells with specific TRDV1 and
TRGV4 gene expression. However, long-term surviving CAR T
cells were predominated by the CD4" T cell population with
cytotoxic properties especially at later time points. Yet, the
origins and contribution of these cells to the remission remains
to be determined. Despite a limited number of patients analyzed,
this study is the first to show the potential of systems biology and
single cell omics to understand the efficacy of CAR T-
cell immunotherapy.

Another good example emphasizing the importance of the
systems immunology approach is to evaluate the prognostic
significance of immune cells in various cancers using
CIBERSORT (a machine learning-based algorithm), where Y5 T

cells have emerged as the most favorable leukocyte with global
prognostic association across 25 human cancers (81). Optimizing
this computational identification approach further, tumor-
infiltrating Vy9V32 T cells were variably associated with disease
outcome due to considerable high inter-individual variation in its
abundance (82). A combination of flow cytometry and sequencing
results with the help of single sample gene set enrichment analysis
(ssGSEA) method has inferred abundance of 24 immune cell types
in cancer including Y3 T cells. This algorithm called “Immune Cell
Abundance Identifier (ImmuneCellAI)” could accurately predict
response to anti-PD1 immunotherapy (83). To a limited extent,
we have previously used a comprehensive approach to assess the
disease progression and therapeutic response in patients with ¥ T
cells malignancies (84, 85). Though the transcriptome and
epigenome of YO T cells are already available, the focus is now
shifted to single-cell studies (Table 1) as it allows to create a
compendium of cell types as exemplified in mice (104) and
humans (105, 106).

An emerging area in system immunology and single-cell
methodology is to decipher the metabolic changes in ¥ T cells
during the development and differentiation process. Mechanistic
target of rapamycin complex 1 (mTORC1) regulates a distinct
metabolic requirement for thymic development of off and y0 T
cells. Interestingly, mTORCI signaling further coordinates
developmental signals with TCR and NOTCH pathways (107).
Diving into the details of metabolic requirements at a single-cell
level, Single Cell ENergetlc metabolism (SCENITH) has been
recently developed and used to assess Y0 T cell energy
metabolism (108, 109). Consequently, this study found that the
metabolic requirements of IL-17* yd T cells are imprinted during
early thymic development and are maintained in the periphery
and tumor of obese mice (109). A distinct metabolic usage by IFN-
v versus IL-17" Y0 T cells shows a need for glycolysis versus
oxidative metabolism, respectively. Interestingly, glucose
supplementation elevated the anti-tumor function of IEN-y" vd
T cells (109). Similarly, altered tumor metabolism also needs to be
studied as it is sensed by yd T cells (32), which may ultimately
implicates y3 T cell responses in TME causing hypoxia (46, 110) or
tumor resistance (111). Moreover, recent reports highlight a
crucial role of Y3 T cells in thermogenesis and sympathetic
innervation (112, 113). Furthermore, the ketogenic diet has been
shown to expand protective Y0 T cells during an infection with
influenza virus in the lungs (114) and which restrain inflammation
in adipose tissues (97). However, prolonged intake of the ketogenic
diet causes obesity and significantly reduces the adipose tissue-
resident Y0 T cells (97). Thus, targeting metabolic changes together
with transcriptional changes will help to understand the o T-cell
differentiation process and its implications in diseases.

vd T CELL-BASED IMMUNOTHERAPY:
MISSING LINKS AND UNEXPLORED
AVENUES

Due to their unique characteristics distinct from conventional o3
T cells, ¥0 T cells are an attractive cellular target for allogeneic
transfer as exemplified by the recent phase I clinical trial in 132
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TABLE 1 | Summary of single-cell multi-omics datasets from healthy individuals or diseases.

Study Year Disease model Biological source sc-omics method
organism

Watkin et al. 2020 Allergy Human PBMCs from peanut allergic (PA) patients and healthy controls scRNA-seq

(86)

Boufea et al. 2020 Breast cancer Human peripheral blood y8 T cells from healthy adult donors and from fresh tumor  scRNA-seq

87) biopsies of breast cancer patients

Pizzolato et al. 2019 CMV Human PBMC and purified y8 T cells from CMV* and CMV" healthy donors scRNA-seq

(88)

Jaeger et al. 2021 Crohn’s Human IEL T cells sorted from two Crohn’s disease patients and two controls scRNA-seq

(89) disease

10xgenomics - Healthy Human 10k PBMC from a healthy donor (v3 chemistry) scRNA-seq

Park et al. (90) 2020 Healthy Human dissociated cells from human thymus during development, childhood, and  scRNA-seq

adult life

Tan et al. (91) 2021 Healthy Human 3 T cells sorted from neonatal and adult blood scRNA-seq and paired TCR
sequencing

Reitermaier 2021 Healthy Human CD3* T cells FACS-sorted from single-cell suspensions of three fetal skin ~ scRNA-seq

etal (92) donors

Tan et al. (93) 2019 Healthy Mouse FACS-sorted Vy6" T cell, CD4" and/or CD8* thymocytes scRNA-seq

Sagar et al. (94) 2020 Healthy Mouse Healthy fetal and adult thymus scRNA-seq

Lee et al. (95) 2020 Healthy Mouse total iINKT, MAIT, and y8 T cells from the pooled thymi of BALB/c mice scRNA-seq and paired V(D)J
sequencing

Alves de Lima 2020 Healthy Mouse sorted y8 T cells from the dural meninges and spleen of 7-d-old (P7) or 8-  scRNA-seq

et al. (96) week-old adult mice

Goldberg etal. 2020 Healthy Mouse pan-CD45 FACS-sorted tissue-resident haematopoietic cells from white scRNA-seq

97) adipose tissue

Hu et al. (98) 2021 Healthy Mouse sorted hepatic and thymic ¥ T cells scRNA-seq

Li et al. (99) 2022 Healthy Mouse mouse 3 T cells from peripheral lymph nodes, spleen, and thymus scRNA-seq and scATAC-seq

Wang et al. 2021 Leukemia Human CD45*CD3" cell populations from B cell-acute lymphoblastic leukemia scRNA-seq and paired TCR

(100) and healthy controls sequencing

Melenhorst 2022 Leukemia Human sorted single CD3" CAR" nuclei from patient PBMC scRNA-seq, CITE-seq and paired

et al. (80) TCR sequencing

Gherardinetal. 2021 Merkel Cell Human sorted CD3" and y&* T cells from dissociated Merkel Cell Carcinomas scRNA-seq and paired TCR

(101) Carcinoma tumor sequencing

Schafflick et al. 2020 MS Human CSF and blood from MS and healthy donors scRNA-seq

(102)

Kaufmann etal. 2021 MS Human PBMC from MS and healthy donors scRNA-seq

(64)

Cerapio et al. 2021 Ovarian cancer Human 0 T-cell infiltrating lymphocytes from ovarian carcinoma scRNA-seq

(103)

The listed datasets are generated either directly using y6 T cells or have identified yd T cells in their computational approaches. PBMC, peripheral blood mononuclear cells; CMV,
cytomegalovirus; FACS, fluorescence activated cell sorting; iNKT, invariant natural killer T cells;, MAIT, mucosal associated invariant T cells; MS, multiple sclerosis; CAR, chimeric antigen

receptor.

late-stage cancer patients (115) and ongoing clinical trial on
patients with solid tumors (https://clinicaltrials.gov/ct2/show/
NCT04765462). The concept of y8 T cell-based
immunotherapy has been under development for more than a
decade. Earlier, the immunotherapy with ¥d T cells for cancer
was mainly based on two approaches: in vivo activation of Yo T
cells using aminobisphonates (e.g. zoledronate) and adoptive
transfer of in vitro expanded yd T cells (116). The approach of in
vivo activation of Y0 T cells has extended its toolbox. Because of
the basic research on yd T-cell activation (26), the molecular
mediators of activation (e.g. butyrophilins) can be targeted to
improve immunotherapy outcome. In an ongoing clinical trial,
monoclonal anti-BTN3A1 antibodies (ICT01) are administered
alone or in combination with the checkpoint-inhibitor
pembrolizumab for hematological cancers (https://www.
clinicaltrials.gov/ct2/show/NCT04243499). Besides checkpoint
inhibitors (117), other immunomodulatory agents that could
be used in combination with Y3 T cell-based immunotherapy
include epigenetic drugs (118, 119), toll-like receptor ligands

(120), or even bispecific antibodies targeting VY9 chains of
VyoVd2 T cells (121). Since most of these modulators have
been proposed or shown clinical relevance in vitro, many are
being tested in a clinical trial. Likewise, the approach of using
adoptive transfer of in vitro expanded yd T cells is now suggested
to be supplemented with biomaterials such as cytokines [e.g.
TGF-B (122)] or nutrients [e.g. Vitamin C (123)]. Furthermore,
engineered cytokines have emerged as an attractive tool to
improve T cell immunotherapy by modulating cell expansion,
persistence, tumor homing and adaptation to TME (124). As
engineered IL-2 and IL-15 are already in clinical trials, their use
in 8 T cell-based therapies might also be beneficial. The use of
naturally occurring nutrient supplementation such as Vitamin C
could potentially be beneficial too. However, the metabolic
requirement and effect of these nutrients need to be considered
given the inter-individual variation in y§ T cell frequency and
their subset distribution due to age, gender, and race (125). These
needs can be complemented for a more personalized approach to
immunotherapy to provide benefit to patients.
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YO T cell-based immunotherapy has been progressing over the
last decades along with the development of T cell-based therapies
(Figure 1). The novel first-in-class approach is being exploited to
apply genetically modified ¥ T cells in human (138). Previously,
the V01 subset of ¥0 T cells were designed and applied as a new
cellular product called “DOT cells” for adoptive immunotherapy
of leukemia patients (17, 139). Further advancing the approach
of genetic modifications, CAR yd T cell therapy is under
investigation (114, 140, 141). The patient-derived xenograft
model showed anti-leukemic activity and IL-15-mediated long-
term persistence of CD123-CAR-DOTs in acute myeloid
leukemia (142). Following the United States Food and Drug
Administration (US FDA) approval for ADI-01 in the year 2020,
an allogenic CAR 3 T cell therapy targeting CD20 protein was
manufactured at clinical scale. As observed in a preclinical study
with B-cell malignancies, CAR yd T cell therapy generated an
innate and adaptive anti-tumor immune response but no
xenogeneic graft-versus-host disease (143). This CD20 CAR Y8
T cell therapy is now in a phase I clinical trial (https://www.
clinicaltrials.gov/ct2/show/NCT04735471). The interim analysis
of the ADI-01 phase I clinical trial showed that 50% patients
achieved complete response (CR) while 75% patients achieved
objective response rate (ORR) without any ADI-01-related
serious adverse events using CD20-CAR 0 T cell therapy
(press release dated on December 6, 2021; https://www.
adicetbio.com). Furthermore, the ADI-01 therapy has been just
granted the Fast Track Designation by the US FDA raising hopes

First engineered
T cells

Tumor-infiltrating
lymphocytes
used to treat

FDA approval for
IL-2 to treat

cytokine-induced killer cells.

First effective

for even faster implementation of Y8 T cell-based therapies into
daily clinical practice (press release dated on April 19, 2022;
https://www.adicetbio.com). CAR T cell therapy is being
broadened towards T cells engineered with YOTCR (TEG) (138,
144). With approval by US FDA, genetically modified 3 T cells
might benefit a broad spectrum of cancer patients. In the future,
targeting y0 T cells with tailored immunotherapies might also be
a potential new avenue for the treatment of other diseases such as
MS and infections.

CONCLUSION

Though neglected for a long time, Y8 T cells have emerged as a
key immune cell type, especially in cancer biology and are
already investigated in clinical trials. Its pleiotropic role is
further being investigated in other disorders including immune
diseases such as MS, infections or transplantation. Use of “big
data” and integrative multi-omics approaches enable us to more
specifically unravel molecular mechanisms. This is
complemented by the implementation of new methods such as
3D organoids combined with state-of-the-art technologies such
as spatial transcriptomics. However, y0 T cells still require a
clinical testing model for development of immunotherapy.
Altogether, targeting Y0 T cells will allow us to more precisely
address a broad range of conditions, eventually allowing a y0 T
cell targeted personalized immunotherapy.

FDA granting of
breakthrough
designation status
to CART cells

First leukemia
patient cured

FDA approval of the
first CAR T cells for

cancer cancer patients CART cells with CAR T cells the treatment of ALL
1984 1986 1989 1990 1992 2002 2003 2007 2012 2014 2017 2020 2021
Cloning of the Discovery of the First clinical study in First cellular immunotherapy FDA
TCR Yy chain cancer killing lymphoid malignancies of 8 T cells combined with approval of
potential of tumor- targeting yo T cells NK cells and CIK cells the first CAR
infiltrating yd T cells yd T cells
First clinical study in
Discovery renal cell carcinoma Initiation of the
of yd T cells with pAg/IL-2- Phase I clinical trial

expanded PBMC for CAR Y3 T cell-
based

immunotherapy

FIGURE 1 | Timeline for y3 T-cell-based immunotherapy. A brief history of the breakthrough findings that led to the development of v8 T cell-based immunotherapies. Y8
T cells were discovered in 1986 (126, 127), after accidental cloning of the gamma chain of the T cell receptor (TCR) in 1984 (128). At the same time, Rosenberg’s group
started to treat cancer patients with their own tumor-infiltrating lymphocytes leading to the first patient to be cured from cancer using this method (129, 130). Fast forward
from 1989 to year 2017 (131-137), the FDA approved the first CAR T cells for the treatment of B-cell lymphomas, Kymriah® and Yescarta® developed by Novartis
Pharmaceuticals Corp. (https://www.hcp.novartis.com/home/) and Kite Pharma, Inc. (https://www.kitepharma.com/), respectively. The first big success came in 2020 for
CAR therapy with 8 T cells, when the FDA cleared an investigational new drug (IND) application and orphan drug designation for GDX012 (an allogenic V&1 T-cell-based
therapy) developed by Lymphact and later GammaDelta Therapeutics (https://gammadeltatx.com/). Also, at the same time, the Adicet Bio (https://www.adicetbio.com/)
received the FDA approval for an IND application ADI-01, an allogenic CAR 3 T cell therapy targeting CD20 protein in non-Hodgkin lymphomas. In 2021, the first Phase |
Clinical Trials of y8 T-cell-based immunotherapies were initiated. TCR, T-cell receptor; FDA, The United States Food and Drug Administration; IL-2, interleukin-2; CAR,
chimeric antigen receptor; pAg, phosphoantigen; PBMC, peripheral blood mononuclear cells; ALL, acute lymphoblastic leukemia; NK cells, natural killer cells; CIK cells,
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A Simple and Robust Single-Step
Method for CAR-Vo61 yoT Cell
Expansion and Transduction for
Cancer Immunotherapy

Gabrielle M. Ferry”, Charles Agbuduwe s Megan Forrester?, Sophie Dunlop 2
Kerry Chester®, Jonathan Fisher’, John Anderson”™ and Marta Barisa’™

7 Developmental Biology and Cancer Section, University Colloge of London (UCL) Great Ormond Street Institute of Child
Health, London, United Kingdom, 2 TC-BioPharm, Holytown, United Kingdom, 3 Research Department of Oncology,
Unicersity College of London (UCL) Cancer Institute, London, United Kingdom

The ydT cell subset of peripheral lymphocytes exhibits potent cancer antigen recognition
independent of classical peptide MHC complexes, making it an attractive candidate for
allogeneic cancer adoptive immunotherapy. The V&1-T cell receptor (TCR)-expressing
subset of peripheral ¥dT cells has remained enigmatic compared to its more prevalent
VyaV62-TCR and af-TCR-expressing counterparts. It took until 2021 before a first patient
was dosed with an allogeneic adoptive V&1 cell product despite pre-clinical promise for
oncology indications stretching back to the 1980s. A contributing factor to the paucity of
clinical progress with V&1 cells is the lack of robust, consistent and GMP-compatible
expansion protocols. Herein we describe a reproducible one-step, clinically translatable
protocol for V&1-ydT cell expansion from peripheral blood mononuclear cells (PBMCs),
that is further compatible with high-efficiency gene engineering for immunotherapy
purposes. Briefly, afTCR- and CD56-depleted PBMC stimulation with known-in-the-art
T cell stimulators, anti-CD3 mAb (clone: OKT-3) and IL-15, leads to robust V&1 cell
expansion of high purity and innate-like anti-tumor efficacy. These V&1 cells can be virally
transduced to express chimeric antigen receptors (CARs) using standard techniques, and
the CAR-V81 exhibit antigen-specific persistence, cytotoxicity and produce IFN-y.
Practicable, GMP-compatible engineered V&1 cell expansion methods will be crucial to
the wide-spread clinical testing of these cells for oncology indications.

Keywords: gamma delta (gammadelta) T cells, y3T cells, Y3 T cells, V delta-1 (V31) cells, CAR-gamma delta T cells,
cancer immunotherapy, CAR-V&1 cells

INTRODUCTION

Characterized by expression of a T cell receptor (TCR) composed of gamma and delta chains
(YOTCR), ¥OT cells are an innate-like subset of human T cells representing up to 15% of peripheral
CD3-positive cells and up to 60% of intraepithelial lymphocytes in healthy donors. Whilst their
physiological role in humans remains an area of active study and debate (1-3), YOT cells are a major
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area of interest in adoptive cell therapy for oncology indications
(4-7). Exome characterisation of >16,000 patient tumors
identified infiltrating y8T cells as the immune cell species most
positively associated with patient survival across all cancers (8).
A recent examination of patient brain tumor samples further
defined yOT cell infiltration as most predictive of patient survival,
in unexpected contrast to T cells, which correlated negatively
with survival (9).

Two subsets composed of MHC-unrestricted Vy9Vd2-TCR
and VyxVO1-TCR-expressing cells (where x denotes one of 6
functional gamma chain genes) dominate the peripheral YT cell
compartment. In contrast to the oligoclonal and phosphoantigen-
reactive VY9V82-TCR population, VyxV31 cells (referred to
hereafter as V31 cells’) express a VO1-TCR chain paired with
one of various Vy-chains. The peripheral human V31 population
has a polyclonal TCR repertoire that is reactive to a range of
antigen types including peptides, lipids and various CD1 proteins
of self and non-self origin (3, 10).

Adoptive transfer of the Vy9V32 cell subset has been clinically
tested for anti-cancer efficacy for nearly 20 years (11). Several
groups have also previously demonstrated methods to expand
V41 cells (12-18). 2021 saw publication of data from two first-in-
man VOl cell adoptive transfer clinical trials. GammaDelta
Therapeutics Ltd are exploring unengineered, allogeneic ‘delta
one T” cell (‘DOT’; ‘GDX012" product) safety, tolerability, and
preliminary antileukemic activity in patients with minimal
residual disease-positive acute myeloid leukemia (trial ID:
NCT05001451). Adicet Bio Inc are testing the safety and
efficacy of ‘ADI-001" product anti-CD20 CAR-engineered
allogeneic V31 cells in adults with B cell malignancies, as a
monotherapy or in combination with IL-2 (trial ID:
NCT04735471). The discrepancy in the numbers of clinical
investigations between V81 and Vy9V&2 YOT cell subsets does
not stem from a lack of pre-clinical promise of the V31 subset.
Indeed, there is literature stretching back decades describing
potent V01 cell responses against tumor targets in vitro and
graft-versus-leukemic effects following bone marrow
transplantation, hypothesized to be mediated by atypical T cell
subsets (19-22).

The discovery that Vy9V32 cells can be expanded to high
numbers and purity using phosphoantigens (e.g. IPP or BrHPP)
or phosphoantigen-inducing aminobisphophonates (e.g.
zoledronic acid) enabled high-throughput Vy9Vo2 cell pre-
clinical exploration, and consequently accelerated clinical
translation. A promising two-step multi-cytokine clinical-grade
protocol for V51 cell expansion was published and patented by
Almeida and colleagues in 2016 (23) (referred to hereafter as the
‘DOT protocol’) and is set for clinical translation in trial
NCT05001451. Herein we describe a one-step, single-cytokine
gene-engineered V91 cell product manufacturing protocol that
utilizes processes and reagents already employed to generate
genetically modified ofT and Vy9V52 cell biotherapeutics. We
show that V31 cells are readily expandable to high numbers and
purity by stimulation of afTCR- and CD56-depleted PBMC
with OKT-3 anti-CD3 mAb in the presence of IL-15-
supplemented media. Thus-stimulated V51 cells are efficiently

and stably transduced with a chimeric antigen receptor (CAR)
using standard viral transduction protocols. The resulting V1-
CAR-T cells exhibit innate recognition of targets in addition to
antigen-specific boosting of function, and do not exhibit
alloreactivity to allogeneic PBMC.

MATERIALS AND METHODS
Ethical Approval

Expansion of T cells from healthy donors was performed under
the governance of the following UCL UK research ethics
committee approvals: “Establishing cell cultures for pediatric
cancers”, IRAS project ID-154668. This ethical approval allows
for expansion cell lines from tissue samples following written
informed consent or from anonymized blood samples from
healthy volunteers. For this study, only anonymized
commercially available blood samples or anonymized small
samples from healthy volunteers were used.

YoT Cell Expansion

PBMC were isolated from purchased whole blood leucocyte
cones via density gradient centrifugation using Lymphoprep
(Stemcell) according to manufacturer’s instruction. PBMC
were either cryopreserved in 90% FBS 10% DMSO or re-
suspended in complete T cell culture media for further
processing. Complete T cell culture media consisted of xeno-
and serum-free CTS-OpTmizer (Thermo Fisher) with 10%
synthetic serum replacement (Thermo Fisher) and GlutaMAX
(Thermo Fisher), all of which are available to research as well as
GMP-grade from Thermo Fisher with the following product
catalogue numbers: research-grade CTS-OpTmizer (A1048501)
and GMP-compatible alternative GMP-grade OpTmizer-CTS
(A3705003), synthetic immune cell serum replacement that is
compatible with both manufacturing standards (A2596101) and
GlutaMAX also compatible with both standards (35050061). If
starting with cryopreserved material, PBMC were thawed and
rested at 10x10° cells/mL in complete pre-warmed media
overnight before further processing to avoid over-stressing the
lymphocytes and to enhance depletion quality. PBMC at 2-4x10°
cellsyrmL density were then either stimulated in standard cell
culture plates right away or first depleted of affT cells using the
TCRo/B Product Line (Miltenyi Biotec) according to
manufacturer’s instructions concurrently with depletion of
CD56-positive cells using CD56 MicroBeads (Miltenyi Biotec)
according to manufacturer’s instructions. Briefly, cells were first
labelled with anti-TCRo/B-biotin, then a mix of anti-biotin
microbeads and anti-CD56 beads, and then depleted using
MACS Cell Separation LD Columns (Miltenyi Biotec). If
cultured in G-Rex vessels (Wilson Wolf), depleted PBMC were
initiated at 2-4x10° cells/cm® Thus-prepared PBMC were
stimulated with either 1pug/mL OKT-3 (Miltenyi Biotec Cat#
130-093-387, RRID : AB_1036144) or 1ug/mL PHA (Merck) and
various cytokine combinations: (i) 100 IU/mL IL-2 aldesleukin
(Proleukin; Novartis), (ii) 70 ng/mL IL-15 (Peprotech), (iii) 20
ng/mL rhIL-7 (Peprotech), or the (iv) ‘DOT protocol’ cytokine
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cocktail, which consisted of a first culture in 100 ng/mL rIL-4, 70
ng/mL rIFN-v, 7 ng/mL rIL-21 and 15 ng/mL rIL-1 followed by
a second culture in 70 ng/mL rIL-15 and 30 ng/mL IFN-y (all
from Peprotech). When comparing the full ‘DOT protocol’ to
test expansion protocols, the methodology described by Almeida
and colleagues was used (23), albeit with the omission of a
positive selection step using OKT-3 following the alpha beta TCR
depletion. Briefly, depleted PBMC were stimulated for a first cytokine
culture with 70ng/mL OKT-3, and then a second cytokine culture
with 1ug/mL OKT-3. Live cells before and during expansion were
counted using Trypan Blue exclusion, an automatic cell counter
(Invitrogen) and flow cytometry-based Precision Count
Beads (Biolegend).

Vo2 y3T Cell Depletion

V&2 YT cells were depleted from PBMC at one of three stages of
expansion: pre-initiation, at midway split or at harvest. All
depletions were done using anti-TCR/V32 mAb clone B6
(BioLegend Cat# 331404, RRID : AB_1089228) at a concentration
of 0.5ug/10° PBMC. When depleting at initiation V&2 cell initiation
was incorporated into the ofTCR/CD56 depletion process. This
was done as follows: PBMC were co-incubated with o3 TCR-biotin
mAb and V&2 (clone: B6)-biotin mAb, washed, and then co-
incubated with anti-biotin and anti-CD56 microbeads according
to manufacturer’s protocol, then washed and depleted using
Miltenyi LD magnetic column separation, as above and according
to manufacturer’s protocol. If depleting at midway split or final
harvest, expanding cells were harvested, washed and labelled with
0.5ug clone B6/10° PBMC, incubated for 20min, washed and
incubated and depleted using Miltenyi anti-biotin microbeads and
LD columns as above.

Flow Cytometry

The following fluorochrome-antibody conjugates and dyes were
used according to manufacturer’s instruction in Biolegend Cell
Staining Buffer to detect different lymphocyte subpopulations in
culture: Zombie Green Viability Dye (BioLegend), Zombie
Yellow Viability Dye (BioLegend), LIVE/DEAD Fixable Near
IR kit (Thermo Fisher), anti-CD3 PE/Dazzle594 (BioLegend
Cat# 980006, RRID : AB_2715768), anti-afTCR APC
(BioLegend Cat# 306717, RRID : AB_10612747), anti-TCRV 1
APC-Vio770 (Miltenyi Biotec Cat# 130-120-440, RRID :
AB_2752099), anti-TCRV®$2 VioBlue and PE (Miltenyi Biotec
Cat# 130-101-152, RRID : AB_2660779), anti-CD69 FITC
(BioLegend Cat# 310903, RRID : AB_314838), anti-NKG2D
PercP/Cy5.5 (BioLegend Cat# 320817, RRID : AB_2562791)
anti-CD56 Alexa Fluor 488 (BioLegend Cat# 318311, RRID :
AB_604094), anti-PD-1 APC/Fire750 (BioLegend Cat# 329953,
RRID : AB_2616720) and BUV737 (BD Biosciences Cat#
612791, RRID : AB_2870118), anti-LAG-3 PE/Cy7 (BioLegend
Cat# 369309, RRID : AB_2629752), anti-TIM-3 BV711
(BioLegend Cat# 345023, RRID : AB_2564045), anti-CD34
QBend10 Alexa Fluor700 (BioTechne), anti-CD34 QBend10
Alexa Fluor488 (Novus Biologicals), anti-NKp44 PerCP/Cy5.5
(BioLegend Cat# 325114, RRID : AB_2616752), anti-NKp30
DyLight 650 (NovusBio, Cat # FAB1849W, clone 210845).
When detecting intracellular and cell surface accumulation of

IFN-y and CD107a, respectively, PBMC were challenged with
relevant targets overnight, and incubated at 37°C and 5% CO,
with anti-CD107a FITC (BioLegend Cat# 328605, RRID :
AB_1186058), then 1x monensin (Biolegend) was added
followed by incubation for another 4h, stained for cell surface
markers, and then permeabilized using Biolegend Intracellular
Staining Permeabilization Wash Buffer and stained with anti-
IFN-y Brilliant Violet 605 (BioLegend Cat# 502535, RRID :
AB_11125368), anti-IL17a PerCPCy5.5 (BioLegend Cat#
512313, RRID : AB_961397) or anti-Granzyme B Pacific Blue
(BioLegend Cat# 372217, RRID : AB_2728384) according to
manufacturer’s instructions. All expansion and activation
samples were analyzed on a BD LSR II flow cytometer using
FACSDiva software (BD FACSDiva Software, RRID :
SCR_001456), while CAR-V31 proliferation was analyzed on a
Beckman Coulter CytoFlex using CytExpert software (CytExpert
Software, RRID : SCR_017217). For setting of gates in analysis of
panels we employed fluorescence minus one (FMO) controls.
Post-acquisition data processing was carried out using Flow]Jo
software (FlowJo, RRID : SCR_008520). T-SNE analysis on flow
cytometry data was performed using FlowJo software and
concatenated using R language Statistical Computing (RRID :
SCR_001905).

Retroviral Production and T Cell
Transduction

293T cells (ATCC Cat# CRL-3216, RRID : CVCL_0063) were
plated at 1.5x10° cells per 10cm* plate (Corning) in 10mL 10%
fetal bovine serum (FBS)-supplemented Gibco IMDM (Thermo
Fisher). At 70% confluence, 293T cells were transfected using
GeneJuice (Merck) according to manufacturer’s protocol. Triple
plasmid transient transfection was carried out using SFG-
gammaretroviral vectors (RRID : Addgene_22493). The anti
B7H3 CAR-T was synthesized within SFG and contains the
following components: IL-2 signal peptide, TE9 ScFv, CD8 hinge
and transmembrane, CD28 endodomain, CD3zeta. The CAR
was co-expressed with the RQR8 sort suicide gene allowing
detection with anti-CD34 antibody.

The B7H3-CAR (second generation with CD28 and 325 CD3-
zeta endomains synthesized in our laboratory), gag+pol 326
(RRID : Addgene_8449) and RD114 envelope (RRID : 327
Addgene 17576) plasmids were added at an equimolar ratio.
Retroviral supernatant was harvested at 48 and 72 hours
following transfection and used immediately for T cell
transduction. Briefly, non-tissue culture treated 24 well plates
(Costar) were coated with RetroNectin (Takara) in PBS (final
concentration of 1mg/mL) and incubated at 4°C for 24 hours.
The retronectin was removed and 1.5 mL of retroviral
supernatant was added to each retronectin coated well.
Following this, 3x10° stimulated T cells in 500 uL was added
and plates were centrifuged at 1000 x g for 40 minutes, at room
temperature before incubation in complete T cell culture media
at 37°C, supplemented with IL-15 to a final concentration of
70ng/mL (~140 TU/mL). Transduced T cells were harvested after
three days, washed and re-suspended for expansion in specified
cytokine-supplemented complete T cell culture medium.
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FIGURE 1 | OKT-3 and IL-15 stimulation of aTCR- and CD56-depleted PBMC leads to robust and reproducible V81 cell expansion. All experiments used separate
and independent donors except where indicated they were from the same donors. (A) V81 cell yield was compared when expanding PBMC with either the ‘DOT’
cocktail of cytokines or IL-2 (N=2; mean +/- standard error mean (SEM). (B) o T-depleted PBMC were expanded with the ‘DOT’ cocktail of cytokines and a single
stimulation with 1Tug/mL of either anti-CD3 mAb clone OKT-3, anti-ydTCR mAb clone B1 or V31-TCR clone TS-1. (N=4; mean +/- SEM; statistical significance was
determined by two-way ANOVA with Sidak’s multiple comparisons test). (C) o T-depleted PBMC were expanded with either the ‘DOT’ cocktail of cytokines or IL-
15. Expansion was measured over a period of 20 days, and compared at day 20 post-stimulation (N=3; mean +/- SEM; statistical significance was determined by
two-way ANOVA with Sidak’s multiple comparisons test). V31 cell numbers in the starting material ranged from 40e3 — 80e3/well. (D) Three separate donor PBMC
were stained for flow cytometry analysis of population composition before and after a3 TCR/CD56 depletion and visualized using a t-SNE algorithm. The three donor
t-SNE data was concatenated using ‘R’. The black arrows on the bottom row indicate V81 and V82 cells among the depleted PBMC. (E) V31 cells were expanded
using OKT-3 and IL-15 from PBMC either unmanipulated, depleted only of o T cells, or depleted of afT cells and CD56-positive cells (N=3; mean +/- SEM;
statistical significance was determined by ordinary two-way ANOVA with Sidak’s multiple comparisons test). V31 cell numbers in the starting material ranged from
7e3 — 80e3/well. (F) Day 20-harvested expansate composition was compared after culture in either the ‘DOT’ cocktail of cytokines or IL-15 alone, from either
undepleted, o TCR single-depleted or aTCR/CD56-double depleted PBMC at initiation (N=3). (G) To achieve optimal 20 day expansion, expanding T cell cultures
were split 1:4 at day 10 of expansion to avoid overconfluence. (H) Matched V&1 cell expansions using OKT-3 and IL-15 from afTCR/CD56-depleted PBMC in 6-
well G-Rex vessels were compiled from six different donors and two separate experimental repeats and compared in terms of fold-expansion and (1) absolute cell
yield. (J) A further five donors were initiated for G-Rex culture in a third aTCR/CD56-depleted OKT-3/IL-15 manufacturing run. Day 20 expansates were analyzed
for product composition (N=5). (K) G-Rex expansion donor data was pooled to examine the V§1/V/82 cell composition of total product yoT cells (N=11). (L) The
effect on afTCR/CD56-depleted IL-15/0OKT-3-expanded V&1 cell purity of pre-depleted, pre-stimulation PBMC V§1:V82 ratio was determined (N=6; statistical
significance was determined by a non-linear least squares model). Purity in this context denotes Va1 cells of total live cells in the product at day 20. (M) The effect on
oS TCR/CD56-depleted IL-15/0KT-3-expanded Va1 cell yield of pre-depleted, pre-stimulation PBMC V§1:V82 ratio was determined (N=6; statistical significance was
determined by a non-linear least squares model; one data point indicated in red and crossed out was not included in the statistical analysis of the data). (N) Three
potential timepoints (shown with black, dotted lines) were identified for testing V2 cell depletion from V&1 cell product: at initiation, at midway split or at harvest.

(O) Initiation V&2 depletion: Va1 cell purity of total T cells (CD3-positive cells) were compared in single (aTCR), double (aBTCR/CD56) or triple (o3 TCR/CD56/Va2)-
depleted freshly-isolated PBMC at initiation. Shown are representative dot plots from one donor. (P) Initiation V&2 depletion: Three donor triple o TCR/CD56/Vé2-
depleted PBMC OKT-3/IL-15 expansates were harvested at day 10 of expansion to examine y3T cell subset composition (N=3). (Q) Midway V&2 depletion: oS TCR/
CD56-depleted PBMC were expanded with OKT-3/IL-15, then depleted of V&2 cells at day 10 and plated for another 10 days’ expansion until day 20. Resulting day

V42-depletion (N=3). * means P <0.05; ** means P <0.01.

20 PBMC composition was analyzed and compared in V§2-depleted (aBTCR/CD56/V32) or undepleted (of TCR/CD56) expansates (N=3). (R) Harvest V52
depletion: Expansate depletion of V82 cells was tested at day 20 harvest of cell cultures. Shown are three donor (D1, D2, D3) PBMC pre- (red) and post- (blue)
depletion, in which V&1 and Va2 cells was measured (N=3). (S) Harvest V2 depletion: Expansate product composition was characterized following day 20 product

Transduction efficiency was assessed by flow cytometric
detection of the CD34 marker gene (26).

Cytotoxicity Assays

Cytotoxicity was determined either by staining for cell surface
accumulation of CD107a as above where indicated, or by four-
hour chromium (*'Cr)-release assay. Briefly, 1x10° target cells
were labelled with 20 uL °'Cr amounting to 3.7 MBq
(PerkinElmer) for 60 minutes at 37°C. Following this, target
cells were co-cultured with effector CAR T cells at range of
effector: target (E:T) ratios (10:1, 5:1, 2.5:1 and 1.25:1) for four
hours at 37°C in 96 well U bottom plates (Grenier). After
incubation, the plates were centrifuged at 1500RPM for 5
minutes and 50 pL of the supernatant was transferred to 96
well OptiPlate-96 HB (PerkinElmer). 150 pL of scintillation fluid
was added per well and the plates were sealed and incubated at
room temperature overnight. ' Cr release from lysed target cells
was counted on 1450 MicroBeta Trilux Scintillation Counter
(PerkinElmer). The scintillation counts from wells with only
targets (without effectors) were used as spontaneous release
controls and target cells lysed with 1% Triton X-100
(Thermofisher) were used as a maximum >'Cr release control.

Proliferation Assay

Proliferation of expanded and harvested V31 cells following
repeated stimulation was evaluated to determine CAR-V&1
persistence in the presence of an antigen-expressing target cell
line. Briefly, CAR-V31 cells were labelled with CellTrace Violet
proliferation dye (ThermoFisher) according to manufacturer’s
instructions for 20 minutes at 37°C. Once labelled, CAR-V§1

cells were plated at 5x10° per well of a 48-well plate (Corning)
and co-cultured at a 1:1 E:T ratio with irradiated tumor targets,
either B7H3-negative Jurkat wild type cells (Jurkat-WT) or
isogenic Jurkat cells transduced to express high levels of B7H3
(Jurkat-B7H3). Plates were incubated at 37°C and 5% CO, for 6
days, without exogenous cytokine supplementation. Freshly
irradiated target cells were fed every two days following co-
culture and proliferation was evaluated by flow cytometry.

Cell Lines

Jurkat (ATCC Cat# TIB-152, RRID : CVCL_0367), HeLa (ATCC
Cat# CCL-2.2, RRID : CVCL_0058), NOMO-1 (DSMZ Cat#
ACC-542, RRID : CVCL_1609), K562 (ATCC Cat# CCL-243,
RRID : CVCL_0004) and U87 (ATCC Cat# HTB-14, RRID :
CVCL_0022) cell lines were all acquired from ATCC and
cultured as recommended by the supplier. LAN-1 cell line
(DSMZ Cat# ACC-655, RRID : CVCL_1827) was acquired
from DSMZ and cultured as recommended by the supplier.
Cell lines were screened monthly for mycoplasma
contamination Briefly, Jurkat, K562 and NOMO-1 cells were
grown in 10% FBS-supplemented RPMI1640 (Sigma Aldrich)
suspension culture and kept at <1x10°/mL density. LAN-1, HeLa
and U87 cell lines were grown in 10% FBS-supplemented
DMEM (Thermo Fisher) adherent culture and split regularly at
around 80-90% confluency using trypsin (Thermo Fisher)-based
disaggregation, to avoid overgrowth.

Production of B7-H3 Positive Jurkat Cells
A truncated B7-H3 (T-B7-H3) in an SFG 7-retroviral expression
cassette was a gift from Karin Straathof (UCL). A 4Ig-B7-H3
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isoform of B7-H3 was purchased (Sinobiological) and cloned
into a 7y-retroviral expression cassette. Retroviral transduction
was used to stably transduce Jurkat cells with 4Ig-B7-H3.

Statistical Design

Data was analyzed with GraphPad Prism (GraphPad Prism,
RRID : SCR_002798). Data are displayed at mean + SEM
unless otherwise stated. For normally distributed numerical
data, parametric tests were used to determine significance of
difference between groups. Analysis of variance (ANOVA) was
used, unless otherwise stated. Significance is represented by:
*p<0.5, **P<0.01, **p<0.001, ****p<0.0001.

Calculation of Earth Mover’s Distance
(EMD)

EMD describes change in signal strength based on difference in
probability distribution, with a higher EMD denoting a larger
change. The use of EMD to describe changes in protein
accumulation allows multiple biological replicates to be
characterized with a high degree of consistency, without
collapsing the data to mean or median values at the expense of
interpretability (24). EMD was computed between bulk CAR-
transduced T cell culture versus non-transduced culture. Samples
were time- and donor-matched. EMD was calculated between T
cell populations that had undergone the same processing. The
Python (Python Programming Language, RRID : SCR_008394)
module ‘wasserstein_distance’, which is a component of
‘scipy.stats’, was used to calculate EMD between samples.

RESULTS

OKT-3 and IL-15 Stimulation of

ofTCR- and CD56-Depleted PBMC

Leads to Robust and Reproducible V51
Cell Expansion

Benchmarking our efforts to the two-step and multi-cytokine
‘DOT protocol” [described in detail by Almeida and co-workers
(23)], we compared its ability to expand V1 cells with canonical
ex vivo T cell expansion methodology, consisting of a single step
PBMC stimulation with clone OKT-3 anti-CD3 mAb and IL-2 at
100 IU/mL. Briefly, the ‘DOT protocol” entails a first 10 day
culture in OKT-3 with IL-4, IFN-v, IL-21 and IL-1J, followed by
a second culture in OKT-3 with IL-15 and IFN-v. Over 20 days of
expansion, the ‘DOT” cocktail of cytokines yielded a mean 100-
times more V41 cells than culture in IL-2 following activation of
unsorted PBMC with a single dose of OKT-3 at initiation
(Figure 1A). The inferiority of IL-2 monoculture to the ‘DOT’
cocktail of cytokines is consistent with what was reported in the
original ‘DOT’ protocol publication (23). In pursuit of an
allogeneically-applicable expansion protocol that generates a
product without potentially alloreactive affT cells, we then
depleted the starting PBMC of aiT cells using a standard and
GMP-compatible ofTCR-biotin and anti-biotin bead-based
protocol from Miltenyi. Aside from removing contaminating
ofT cells, ofTCR-depletion further enhanced the yield of V31

cells following 20 day culture in the ‘DOT’ cocktail of cytokines
with a single dose of OKT-3 at initiation (Supplementary
Figures 1A, B). This may be at least in part be due to the
removal of 0T cell competition for cytokines.

We then investigated, in the context of the DOT cocktail of
cytokines, whether we could expand V31 cells more efficiently by
using a more specific YTCR stimulus, such as an anti-ydTCR
mAb (clone: B1) or specific anti-V51-TCR mAb (clone: TS-1). A
single stimulating 1 pg/mL mAb dose at initiation has been
previously reported to be effective for TS-1/B1 mAb-driven V&1
cell expansion (25). Anti-CD3 OKT-3 stimulation led to an order
of magnitude higher V&1 cell expansion from non-depleted
PBMC than either y0T cell-specific clone (Figure 1B).
Moreover, specific anti-ydTCR stimulation applied to non-
depleted PBMC failed to prevent expansion of contaminating
ofT cells in culture (Supplementary Figure 1C). V31 cell
numbers in DOT cytokine cocktail culture were evaluated and
found equivalent between single stimulation with OKT-3 at
initiation or repeated OKT-3 stimulation at 5 day intervals
over the course of expansion, suggesting that a single OKT-3
administration is sufficient for optimal T cell expansion
(Supplementary Figure 1D). As a result, ofTCR-depletion
and a single stimulation with OKT-3 anti-CD3 mAb were
progressed for further study.

We next evaluated V31 cell expansion in this culture setup
using either the two-step DOT cocktail of cytokines or continuous
culture in 70ng/mL (corresponding to ~140 IU/mL) of IL-15
alone, it also being a component of the latter half of the DOT
protocol regimen. Having discarded IL-2 alone as an optimal
milieu, IL-15 was chosen as the second most commonly-employed
GMP-compatible T cell manufacturing mitogen. Unexpectedly,
IL-15 monoculture yielded at least equivalent or higher V81 cell
numbers to the DOT cocktail of cytokines (Figure 1C). We next
examined whether IL-15-driven V&1 cell expansion could be
improved by further depleting competition for cytokine from
NK cells. We first confirmed that freshly-isolated PBMC V31
cells do not express canonical NK cell-marker, CD56, while CD3-
negative freshly-isolated PBMC and some V&2 cells do
(Supplementary Figure 1E). We then combined the aSTCR-
biotin and anti-biotin depletion step with GMP-compatible
Miltenyi anti-CD56 magnetic beads according to manufacturer’s
protocol. Three donor concatenated t-SNE analysis of culture
initiation material demonstrates the difference between
undepleted and ofTCR/CD56-depleted freshly-isolated PBMC
(Figure 1D). The double-depleted material is predominantly
CD3-negative, though with enriched V81 and V&2 composition
relative to undepleted PBMC.

Undepleted, afTCR- and aSTCR/CD56-depleted PBMC
starting material was then compared for its ability to expand
Vo1 cells when stimulated with IL-15 and OKT-3. Double-
depleted PBMC vyielded not only substantially greater V31 cell
numbers, but also purity (Figures 1E, F). Of note, no substantive
differences in product composition from any of the starting
materials could be found when comparing IL-15 monoculture
with culture in the DOT cocktail of cytokines (Figure 1F). We,
therefore, progressed a single-step OKT-3 + IL-15-based
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oBTCR/CD56-depleted V31 expansion protocol for further
optimization. We note that in this setup, a majority of donor
oBTCR/CD56-depleted PBMC initially plated at 1x10° cells/cm2
approached over-confluence by day 10 of culture (Supplementary
Figure 1F). We, therefore, opted for a 1:4 culture split midway
through the protocol (Figure 1G). While feasibly the cells can be
cultured for shorter or longer periods as per desired product
specification, we progressed a 20-day expansion period with a
midway split for further analysis.

We benchmarked our OKT-3 and IL-15-based single step
protocol against other published single step V81 expansion
methods that utilize phytohaemagglutinin (PHA) instead of
anti-CD3 mADb (16-18). We stimulated o TCR- and CD56-
depleted PBMC with OKT-3 and IL-15, or PHA with either IL-2
(16, 17) or IL-7 (18). OKT-3 with IL-15 outperformed both
PHA-based protocols in terms of V91 yield in all donors tested
(Supplementary Figures 2A-D). The choice of anti-CD3
stimulation was further re-enforced by data indicating that, at
harvest, OKT-3-stimulated V31 cells expressed higher activation
marker levels with concurrently lower exhaustion markers than
PHA-stimulated V81 cells, all the while expressing more NKG2D
and CD56 receptors, indicative of favorable functional phenotype
(Supplementary Figure 2E). Indeed, PHA-stimulated V51 cells
expressed higher apoptotic markers than CD3-stimulated V81
cells at harvest (Supplementary Figure 2F).

Encouragingly for clinical practicality, OKT-3 with IL-15
expanded not only freshly-isolated PBMC, but also V931 cells
from thawed cryopreserved PBMC that were afTCR-/CD56-
depleted following an overnight rest upon resuscitation
(Supplementary Figures 3A, B). We note that an overnight
PBMC ‘rest and recovery’ step in complete media at standard
culture conditions enabled retention of a pre-cryopreservation
V31/Vd2 cell ratio (Supplementary Figure 3C), and
substantially increased the quality of ofTCR-/CD56-depletions
as well as V1 cell expansion. Resting was carried out at a high
cell density (10° PBMC/mL) in complete expansion media,
without cytokine supplementation.

To simulate a potential manufacturing process, we compiled
expansion data of six arbitrarily chosen healthy donor
cryopreserved leukapheresate-derived PBMC from two
experimental runs, each of which consisted of PBMC thaw and
overnight rest in complete media, followed by ofTCR/CD56-
depletion and OKT-3/IL-15 stimulation the following day, as
described above, except that in this iteration V31 cells were
cultured in 6-well G-Rex (as opposed to standard cell culture)
vessels. Expansions were split into new wells at a 1:4 culture
surface area ratio on day 10 of expansion and harvested at day 20
for analysis. Out of six donors tested, three achieved >1,000-fold
V31 cell expansion, and all achieved >400-fold expansion
(Figure 1H). While in every donor examined V&1 cell
expansion rate was greater than that of V32 cells, in five out of
six donors the difference was minimal suggesting a relatively
unbiased 0T subset expansion by OKT-3/IL-15 (Figure 1H).
The total V31 cell yield per harvested 6-well G-Rex well was
>2x10° V31 cells per 4x10° PBMC initiated in three out of six
donors tested, delineating apparent ‘good’ and ‘poor’ expanders

(Figure 1I). These donors further clustered by product
composition. While all yielded 80-100% pure y3T cells, 3T cell
composition varied greatly (Figure 1J). 0T cell contamination
was negligible, though some CD3-negative cells (mostly NK cells)
persisted (Figure 1J). We investigated YT cell product
composition further and found that in all G-Rex-expanded
donor products, an apparently inverse relationship existed
between high purity V&1-donors and V&2-donors (Figure 1K).
Given the relatively unbiased subset expansion by OKT-3/IL-15
we observed, we interrogated whether a high-purity (or ‘good’)
Vé1-donor could be predicted by examining the undepleted
leukapheresates of donors entered for expansion.

The pre-depletion donor PBMC V§1:V32 ratios were
compared in six donors and correlated to V31 cell purity and
total V31 cell count after 20 day stimulation of o TCR/CD56-
depleted PBMC with OKT-3 and IL-15. In these donors, a pre-
initiation V31:V 92 ratio of greater than 0.4:1 was associated with
at least 50% VOl cell purity at harvest (R* = 0.74) (Figure 1L).
The relationship between V81:V2 ratio and absolute V31 cell
yield was also investigated. We observed, however, that with
excluding one donor from analysis for yield (indicated in red in
Figures 1L, M), high V§1:V82 ratio at initiation correlated with
high V81 cell yield at harvest in this small sampling of
independent donors. A minimum pre-initiation V31:V2 ratio
of 0.2:1 was associated with harvests of >2x10° V&1 cells per
4x10° PBMC initiated (R* = 0.79) (Figure 1M). We hypothesize,
therefore, that a high V31:V52 ratio at initiation of expansion
may serve as a biomarker for high ultimate V31 cell yield and
purity at harvest, though more donor material screening is
required to substantiate this observation.

We next examined whether af TCR/CD56-depleted OKT-3/
IL-15-stimulated product can be further enriched for V81 cells
by depleting contaminating V82 cells. To this end, we identified
three potential depletion points during the manufacture: at
initiation concurrently with a3 TCR/CD56-depletion, midway
at the split, or at harvest (Figure 1N). First examining the
initiation depletion strategy, we compared the following
depletions for V31 cell purity among freshly-isolated PBMS, (i)
oBTCR, (i) o TCR/CD56, and (iii) ofTCR/CD56/V32. The
triple depletion was performed as follows: PBMC were co-
incubated with oS TCR-biotin mAb and V&2 (clone: B6)-biotin
mAb, washed, and then co-incubated with anti-biotin and anti-
CD56 microbeads according to manufacturer’s protocol. Each
depletion step further increased V81 cell purity among the
initiation T cell compartment (Figure 10). Not only was the
clone B6 Vd2-depletion highly effective at the outset, it also
prevented re-growth of V62 cells during expansion (Figure 1P).
Though, it also encouraged non-V81/V32 ¥8T cell expansion,
resulting in a V81: non-V31/V32 YOT cell ratio of ~ 2:1. Product
V&2 depletion midway was highly efficacious; at harvest it
yielded a ~77% pure V&1 cell product, with a ~17% non-V31/
V62 3T cell presence (Figure 1Q). Product depletion at harvest
yielded a similar purity of ~72% V31 cells and ~20% non-V31/
V62 voT cells (Figures 1R, S). Non-ydT cell content was ~10% in
all methods tested and was largely CD3-negative. A majority of
these were NK cells (CD3-negative/CD56-positive PBMC)
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FIGURE 2 | OKT-3/IL-15-expanded V&1 cells are innately cytotoxic against a range of tumor targets. All the following data describes phenotyping and performance
of V81 cells expanded using OKT-3 and IL-15 from affT and CD56-depleted PBMC, unless specified otherwise. (A) Three donor day 20-expanded V81 cell
expression of a range of memory and exhaustion markers was analyzed using t-SNE and concatenated. Profiles were compared between IL-15 or ‘DOT’ cytokine

cocktail milieus (N=3). (B) V&1 cell % positivity of ‘exhaustion” markers was tallied in three donors (N=3; statistical significance was ascertained using a matched two-
way ANOVA with Sidak’s multiple comparison test). (C) Activation and cytotoxicity markers CD69, NKG2D, NKp30 and NKp44 were analyzed using flow cytometry
(N=8; statistical significance ascertained using a matched two-way ANOVA with Sidak’s multiple comparison test), (D) with histograms of marker expression shown
from a representative donor. (E) Expanded V31 cell product cytotoxicity was studied by target chromium (Cr®") release upon 4h co-culture at different E:T ratios
(N=6; each dot and trajectory represent a single donor) for Jurkat, LAN-1 and Hel a target cell lines, and by use of an overnight flow cytometric cytotoxicity assay for
K562 and NOMO-1 target cell lines (N=3). (F) Donors for functional assay testing were not selected based on V&1 cell purity. Shown is a representative range of 9

(Supplementary Figure 4B), that we hypothesize either escaped
initial depletion or upregulated CD56 during expansion. We
note that, while initially negative, also 50-70% of V31 cells
upregulated CD56 upon expansion (Supplementary
Figure 4C), negating the possibility of a CD56-based
contaminant depletion at harvest.

Of the V82 cell depletion strategies tested, we hesitate to
recommend the best, nor indeed whether it is required at all - as

donor day 20 OKT-3/IL-15-expanded product y8T cell composition from afTCR/CD56-depleted PBMC (N=9). * means P < 0.05; *** means P < 0.0001.

optimal product specifications in terms of YT cell subset purity
for maximal therapeutic efficacy are yet to be determined. It is
not necessarily the case that the purest Vo1 cell product is the
most efficacious against cancer, and it is feasible that other YT
cell subsets in the product will synergize rather than suppress
V01 cell anti-cancer functionality. Substantial further study in
this area is required. Other factors that will impact the decision
on V&2 cell depletion include post-harvest processing, such as
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FIGURE 3 | OKT-3/IL-15-expanded V&1 cells are readily transducible with chimeric antigen receptors (CAR). (A) V81 cells were transduced with an SFG retroviral
vector encoding a B7H3-28(-CAR and a CD34 marker gene separated with a T2A cleavage sequence at day 3 post-activation. (B) Three representative donor Vo1
cell CD34 marker gene expression is shown (left panel), along with a compilation of 9 different donor transduction efficiencies 5 days post-transduction (right panel).
(C) V&1 cell activation and memory markers were characterized in a whole population of CAR-transduced cells. t-SNE data is shown for three individual donor day-
20 harvested PBMC, gated on live V81 cells. (D) A panel of B7H3-positive and negative target cell lines was selected. (E) V81 cell accumulation of intracellular IFN-y
and cell surface CD107a was measured after overnight co-culture with targets followed by a 4h culture in monensin-supplemented media. Marker accumulation was
measured in CAR-transduced and non-transduced V&1 cells. Shown are representative histograms of marker expression from a representative donor. The red line
indicates median fluorescence intensity (MFI) of CAR-negative effectors alone, while the blue line indicates MFI of CAR-positive effectors alone. (F) IFN-y and CD107a
expression histogram data from 3 separate donors was converted to earth mover’s distance (EMD) values that compared marker expression between CAR-
transduced versus non-transduced cells. A score of ‘0.0’ indicates no difference and is indicated by the dotted line (N=3; mean and distribution indicated). (G) The
same data was analyzed using MFI measurements, compared in stratified CAR-positive (CD34+) and non-transduced (CD34-) V&1 cells in the same culture (N=3;
mean and distribution indicated; statistical significance ascertained using one-way ANOVA). (H) V&1 cells in the same culture were similarly analyzed for intracellular
granzyme B levels (N=3; mean and distribution indicated). (I) To test expanded CAR-V&1 persistence and proliferation, expanded cells were harvested and
challenged twice at a 1:1 E:T ratio with (J) irradiated B7H3 antigen-positive and negative Jurkat targets. (K) CAR-V31 CellTrace Violet dye dilution was measured

comparison). * means P < 0.05; ** means P < 0.01; *** means P < 0.001.

intention to cryopreserve, etc. The remainder of the functional
data in this study is presented on V31 cell products derived from
double (afTCR/CD56)-depleted PBMC.

We note that the above depletions could be reproduced to
GMP-standard by replacing research-grade ofTCR and CD56
depletion reagents with GMP-grade alternatives from Miltenyi
Biotec (CliniMACS TCRo/ Product Line cat nr: 200-070-407;
CliniMACS CD56 Product Line cat nr: 170-076-713) and carried
out on either CliniMACS Plus or CliniMACS Prodigy hardware.
We note the lack of commercially-available GMP-compatible
clone B6 V&2-biotin products, though anticipate that those could
be obtained from suppliers through custom manufacture.

OKT-3/IL-15-Expanded V31 Cells Are
Innately Cytotoxic Against a Range of
Tumor Targets

20-day-expanded OKT-3/IL-15 V&1 cells exhibited a similar
memory and exhaustion profile to DOT cytokine cocktail
counterparts. As indicated in concatenated t-SNE plots of
various markers, V31 cells were broadly positive for CD27,
with a subpopulation brightly expressing CD45RA. While a
proportion of CD27+/CD45RA- cells expressed PD-1, few V81
cells bound anti-LAG-3 antibody above isotype control
(Figures 2A, B). Nearly all V31 cells were dimly but
universally TIM-3-positive. OKT-3/IL-15-expanded V81 cells
further upregulated activation marker CD69 as well as
cytotoxic differentiation marker NKG2D, but not NKp44
(Figures 2C, D). A small subpopulation of expanded V31 cells
consistently upregulated NKp30.

Functionally, OKT-3/IL-15-expanded V31 cells exhibited
highly consistent innate cytotoxicity against a range of
hematological and solid tumor targets, including T cell leukemia
Jurkat cells, cervical cancer HeLa cells, neuroblastoma LAN-1
cells, chronic myelogenous leukemia K562 cells and acute myeloid
leukemia NOMO-1 cells (Figure 2E). This is of note, as donors
were not specifically selected for only high V&1 cell purity, but
rather represented a range of Y0T-subset compositions (a range of
harvested afTCR/CD56-depleted PBMC-derived products is
illustrated in Figure 2F). This suggests that maximal V1 cell

after 6 day co-culture. One representative donor matched data is shown. The black line indicates the edge of undiluted dye at day O of the assay, the red line
indicates dye MFI of CAR-V31 only at day 6 indicative of background proliferation, while the blue line indicates dye MFI of CAR-V31 in co-culture with antigen-
positive targets. (L) To account for ongoing background proliferation, V&1 cells were counted pre and post-co-culture using flow cytometric counting beads, and
V41 fold-change was normalized to effectors alone (N=3; mean +/- SEM; statistical significance was ascertained using a two-way ANOVA with Sidak’s multiple

purity does not uniquely determine the cytotoxic potential of the
OKT-3/IL-15-expanded product.

OKT-3/IL-15-Expanded V&1 Cells Are
Readily Transducible With Chimeric
Antigen Receptors (CAR)

To assess the suitability of this expansion protocol for generating
genetically-modified immunotherapeutics, we evaluated V91 cell
retroviral transduction with an anti-B7H3 2™ generation 28(
chimeric antigen receptor (CAR) (Figure 3A). A consistent
~50% transduction efficiency (ranging from 35.8% - 79.1%)
was achieved transducing nine different donors in three
experimental runs (Figure 3B).

We queried the impact of viral transduction with an ITAM-
containing CAR on OKT-3/IL-15 V&1 cell product by comparing
expression of a range of memory, exhaustion and functional
markers within the transduced cell population. Cells were
transduced on day 3 following initiation, and thereafter
expanded for an additional 17 days until harvest at day 20.
Anti-CD34 staining was used to detect expression of the RQRS
CAR marker gene (26) in the transduced cell product.
Unexpectedly, none of the activation, memory or exhaustion
markers we tested mapped neatly onto CAR(CD34+)-V3d1 cells
(Figure 3C). The closest matches were increased expression of
NKG2D and a dim but consistent association of CD34 with PD-1
expression in CAR-V81 compared to unmodified V1 cells.
Curiously, there was little association between CD69 and CD34
in any of the donors tested, suggesting that the V31 cell product
was highly activated regardless of CAR expression. The most
notable difference between CAR-transduced V31 cells as a whole
compared to OKT-3/IL-15 V31 cells that were never exposed to
retrovirus (Figure 2A) was the downregulation of CD27 in virus-
exposed compared to non-exposed cells. Most other queried
markers were similar between both populations.

CAR-V31 were then tested against a range of antigen-positive
and negative hematological and solid tumor targets: B7H3-
negative Jurkat cells, and B7H3-positive cell lines U87
(originating from glioblastoma) and LAN-1 cells (Figure 3D).
Intracellular IFN-y and cytotoxic degranulation cell surface
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marker CD107a accumulation was compared in CAR-
transduced versus unmodified V31 cells using flow cytometry
(Figure 3E). The red line in Figure 3E indicates marker median
fluorescence intensity (MFI) of unmodified target-free V1 cells,
while the blue line indicates the MFI of target-free CAR-V31
cells. These measures are included to account for the innate,
B7H3-independent reactivity of V31 cells, as well as potential
baseline activation mediated by CAR-transduction. Differences
between histograms were quantified using the statistical analysis
tool Earth Mover’s Distance (EMD), which quantifies the
dissimilarity between two dimensional distributions whilst
respecting the single-cell nature of the dataset; a greater value
of EMD indicates greater difference (see methods). EMD scores
were generated measuring the difference between bulk V41 cell
IFN-y or CD107a accumulation when either unmodified or
transduced with a B7H3-28(-CAR and challenged with
different tumor targets. An EMD score of 0 indicates no
relative change between transduced and non-transduced Vol
cells. Interestingly, while CAR-V31 CD107a-mediated cytotoxic
degranulation was significantly higher upon challenge with
antigen-positive U87 and LAN-1 targets than without
challenge or challenge with antigen-negative Jurkat cells, IFN-y
production was less consistently impacted by the presence of
target antigen and highly variable on a donor-donor basis
(Figure 3F). This inconsistency was caused not by the inability
of CAR engagement to mediate IFN-y production, but rather
high innate and non-CAR-dependent IFN-y production in some
of the donors. All donor V81 cells demonstrated intracellular
IFN-y with and without CAR transduction. A significant,
antigen-dependent upregulation of intracellular IFN-y could be
observed when gating on specifically CAR-positive V1 cells,
rather than bulk V&1 cells in culture (Figure 3G). IFN-y
production correlated positively with V81 cell CAR marker
gene, CD34, expression when challenged with antigen-positive
but not negative targets (Supplementary Figure 5). Consistent
with a high and sustained cytotoxic potential, granzyme B levels
were at least as high or higher in matched unmodified Vo1 cells
compared to CAR-VO1 cells before and after challenge with
targets (Figure 3H).

To test proliferative and persistence capacity, CAR-V31 were
harvested post-expansion, plated with no exogenous cytokine
and challenged twice at a 1:1 E:T ratio at three day intervals with
irradiated B7H3-negative Jurkat wild type cells (Jurkat-WT) or
isogenic Jurkat cells transduced to express B7H3 (Jurkat-B7H3)
(Figures 31, J). Expansion was monitored via dilution of
CellTrace Violet proliferation dye, as well as cell counts
performed using Precision Count beads and flow cytometry.
While all CAR-V31 were highly activated and continued low-
grade proliferation after re-plating, more proliferation was seen
upon challenge with Jurkat-B7H3 compared to no targets or
Jurkat-WT (Figure 3K). The black line in Figure 3K indicates
the CellTrace Violet MFI of V31 cells at plating, the red line
of effectors only after 6 days in culture, and the blue line - of
effectors co-cultured with antigen-positive targets. Normalized to
effectors only, V81 cells expanded more when expressing a CAR
but only in response to antigen-positive Jurkat cells (Figure 3L).

Unmodified V31 cells expanded ~2-fold over target-free
matched effectors, likewise CAR-V31 in response to Jurkat-
WT. In response to Jurkat-B7H3, meanwhile CAR-V31 cells
expanded 4-fold.

DISCUSSION

We set out to develop a single-step, GMP-compatible CAR-V31
cell expansion and transduction protocol that utilizes standard T
cell therapy expansion reagents already employed in the CAR-T
field. To that end, we focused on pan-T cell stimulating anti-CD3
mADb, clone OKT-3, and the classic T cell cytokine expansion
milieu of IL-2 and IL-15. While OKT-3 with IL-2 failed to
support sufficient V81 cell expansion, OKT-3 with IL-15 led to
substantial V81 cell expansion that was further boosted by
depletion of CD56-positive cells. The additive effect of CD56-
positive cell depletion was likely at least in part mediated by
decreasing competition for IL-15 from CD56-expressing PBMC,
such as NK cells. Given the pan-T cell stimulatory nature of both
OKT-3 and IL-15, stringent o T cell depletion prior to initiation
was obligate for achieving V91 cell yield and purity. ofTCR/
CD56-depleted OKT-3/IL-15-stimulated V31 cells were highly
tumor-reactive in their own right and amenable to transduction
to high efficiency with a second generation B7H3-28( CAR using
standard retroviral protocols. CAR-V31 cells retained innate
tumor responsiveness while also engaging in CAR-directed
reactivity. Upon challenge with targets, B7H3-28(-Vd1
exhibited antigen-specific persistence, cytotoxicity and IFN-y
production. Taken together, we have described a fully GMP-
compatible CAR-V81 manufacturing protocol that utilizes
reagents and processes well practiced in the CAR-T field.

We further examined the additional purification of V31 cell
product with V32 cell depletion. V82 cells were effectively
removable using anti-V82TCR mAb clone B6 conjugated to
biotion, magnetically removed with anti-biotin microbeads.
These depletions could be successfully carried out at initiation
of culture with a triple o TCR/CD56/V32 depletion, midway
through depletion at culture split or at harvest. We reserve
judgement as to the best approach in this instance, or whether
V&2 cell depletion is required at all. We hypothesize that an
ultra-pure V31 cell product may not exhibit improved efficacy
over a product that contains other Y3T cell populations. Though,
this warrants substantial further investigation with a range of
donors. Indeed, it will be difficult to assess optimal product
composition until such products are tested clinically. As the
debate for “which YT cell subset is best?” pervades the
immunotherapy field, we expect that only clinical testing and
conscientious and scientific clinical trial design will shed light on
these questions. Ultimately, it may be that no single subset is
superior, but rather that a correct balance of the different subsets
is optimal for anti-cancer targeting.

In developing the optimized protocol described herein we
used the “DOT protocol” cytokine cocktail described by Almeida
and colleagues (23) as a comparator, investigating whether we
can design a simplified process. V81 cell yield and phenotype
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were broadly similar between cells expanded with either OKT3/
IL-15 or the “DOT protocol” cocktail of cytokines. There are four
main modifications in our process compared to the published
“DOT protocol”: (1) a simultaneous oBTCR- and CD56-bead
depletion step replaces the afTCR-depletion only, (2) the “DOT
protocol” employs a second OKT-3-based CD3 positive selection
step while our protocol adds OKT-3 to the depleted product
without the need for a second selection step, 3) the multi-
cytokine cocktail of the “DOT protocol” is replaced by IL-15
alone, 4) a second OKT-3 stimulation in the “DOT protocol”
midway through expansion in omitted in our protocol. Together
these changes represent a considerable simplification of the V41
cell expansion process, and a reduction in cost. It was beyond the
scope of the current study to perform a detailed side-by-side
comparison in terms of in vitro and in vivo effector function.
Further studies are warranted to compare the long-term effector
function between these approaches.

We anticipate an increase of pre-clinical and clinical gene-
engineered Vo1 cell investigations for oncology indications in
what is a rapidly evolving immunotherapeutic landscape. With
the clinical success of canonical autologous CAR-0T for a range
of B cell malignancies, a role may be carved out for allogeneic
non-canonical cell therapies. This includes y3T cells of V81 and
VY9V32 subsets, as well as NK cells, for the targeting of solid
tumor indications and CAR-ofBT refractory hematological
cancers. Allogeneic approaches of this type may further play
an important role in democratizing access to a new generation of
gene-engineered cell therapy drugs that can be manufactured in
bulk from healthy donor material, with accompanying
reductions in price and supply chain complexity, as well as
possible improvement in product clinical efficacy.

An important area of ongoing research remains the
identification of ‘optimal’ donors for allogeneic cell therapy
products. It remains unclear whether high product yield during
manufacture is a sure indicator of maximum therapeutic
performance, or as recent data from the CAR-0f3T field suggests
(5) - that cell ‘quality’, including memory and exhaustion status, is a
more predictive metric than quantity. The elucidation of the factors
that govern yOT cell product ‘quality’ will be crucial to sustained
clinical success. V91 cells expanded with this one-step IL-15/OKT-3
process expressed high CD27 and CD45RA, in a pattern that is
consistent with naive and central memory in offT cells and was
diminished upon transduction with B7H3-28(-CAR. It is unclear
whether this marker expression profile correlates with afiT-like
memory phenotypes in V31 cells. Indeed, relatively little is known of
YOT cell memory, and less still how such cell surface marker
phenotypes correlate with anti-tumor functionality. Expanded and
CAR-transduced V81 cells weakly upregulated PD-1 and strongly
upregulated TIM-3 ‘exhaustion” markers, the significance of which
on YOT cells is little understood. It is unclear whether their presence
is indicative of true T cell exhaustion, activation or something
other still.

These properties may further vary between the types of
indications targeted and gene engineering applied. Intelligent
clinical trial design and study of adoptively transferred ydT

cells pre- and post-infusion into patients will be crucial in
elucidating the specific qualities of cells that confer the
greatest therapeutic benefit.
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YOT cells represent a small percentage of T cells in circulation but are found in large
numbers in certain organs. They are considered to be innate immune cells that can exert
cytotoxic functions on target cells without MHC restriction. Moreover, ¥8T cells contribute
to adaptive immune response via regulating other immune cells. Under the influence of
cytokines, Y8T cells can be polarized to different subsets in the tumor microenvironment. In
this review, we aimed to summarize the current understanding of antigen recognition by
YT cells, and the immune regulation mediated by y8T cells in the tumor microenvironment.
More importantly, we depicted the polarization and plasticity of ydT cells in the presence of
different cytokines and their combinations, which provided the basis for yoT cell-based
cancer immunotherapy targeting cytokine signals.

Keywords: v3T cell, cytokine, cancer, immunotherapy, cellular therapy

CHARACTERISTICS AND ANTIGEN RECOGNITION
OF 15T CELLS

Although YOT cells share the same progenitors with conventional ofT cells and develop in the
thymus, they are considered as innate immune cells due to their major histocompatibility complex
(MHC) unrestricted antigen recognition, as well as the expressions of Natural Killer Receptors
(NKRs) and Toll-like Receptors (TLRs) along with rapid cytokine production. The majority of Y0T
cells are negative for CD4 and CD8. In both human and mice, YT cells account for 5% of total
peripheral T cells.

Based on the TCR & chain usage, human 8T cells can be subtyped to V81, V2, V83 and V5 cells
(Table 1). V31 and V32 are the major subsets, which are of great interest among human 0T cells.
Human V&2 cells are generally paired with T cell receptor (TCR) 79, also named as Vy9V§2
cells. VY9V32 cells are the dominant YOT subset in human peripheral blood mononuclear cells
(PBMCs). Vy9V32 TCRs recognize phosphoantigens (PAgs) such as isopentenyl pyrophosphate
(IPP), which is accumulated in tumor cells, and (E)-4-hydroxy-3- methyl-but-2-enyl pyrophosphate
(HMBPP) that is produced during microbial infections (Figure 1A). Interestingly, although 0T cells
bind PAgs in the MHC independent manner, PAgs-mediated activation of Vy9V32 requires
butyrophilin (BTN) and BTN-like molecules (1). Recent studies reported that BTN2A1 associated
with BTN3AL to initiate antigen-presentation to VY9V82 T cells (2, 3). Besides TCR-associated antigen
recognition, VYOV82 T cells also express NK receptors including NKG2D and DNAMI, which recognize

Frontiers in Immunology | www.frontiersin.org 51

June 2022 | Volume 13 | Article 914839


https://www.frontiersin.org/articles/10.3389/fimmu.2022.914839/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.914839/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.914839/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:micliuh@nus.edu.sg
https://doi.org/10.3389/fimmu.2022.914839
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.914839
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.914839&domain=pdf&date_stamp=2022-06-07

Song et al.

Cytokines in ydT Cell-Based Immunotherapy

TABLE 1 | 18T subsets and distribution in human and mouse.

Species 8 Chain v Chain Distribution
human Vo1 VY2, V3, Viy4, Vy5, V8, and VY9 dermis, gut, thymus, liver, and other epithelial tissues, PB
V2 Vy9, V8, Vy4 PB, liver
V&3 various y chains liver, gut, PB
V65 Vy4 PB
mouse Vyl high diversity spleen, blood, lymph node, liver, lung, dermis
Vy4 high diversity spleen, blood, lymph node, liver, lung, dermis
Vy5 Va1 dermis
Vy6 Vo1, Vo4 reproductive mucosa, skin
Vy7 V&4, V85, V6 gut

MHC class I chain-related molecules (MICA, MICB), ULBP-
binding proteins (ULBPs) and Nectin-like-5 that are broadly
expressed on tumor cells (4).

Human V91 cells are mainly distributed in epithelial tissues,
such as skin, gut, spleen, and liver. Human V81 cells constitute
only up to 15% of human YT cells in PBMCs (5), but they
exhibit fast and marked expansion during CMV infections
(6). YOT cell compartment involved in HCMV-specific
response is non-Vy9V3d2 T cells with the TCRV31"
lymphocytes representing the prominent non-Vy9vo2 y8 T cell
subset (7-9). Furthermore, these V31 cells display a mixed
CD27°/CD45RA™ or CD27"/CD45RA" phenotype that is
identified as cytotoxic effector/memory populations in CMV™
individuals (10). These findings indicated the potential immune
surveillance function of V81 cells. Whereas the TCRy chains
paired with V381 display high diversity and the antigens
recognized by V81 cells are not well revealed, it has been
shown that CD1 molecules with or without loaded lipid
antigens can specifically activate V&1 cells. The direct
interactions between V81 and CD1b, CDlc, or CD1d have
been identified by CD1 tetramers, mutagenesis experiments
and crystal structures (11-15). In addition to CD1-associated
recognition, Vy4V31 cells have been reported to respond to
BTNL3 and BTNLS expressing cells via Vy4 chain (Figure 1B)
(16). Annexin A2 and Annexin A6 that are known as stress-
induced phospholipid-binding proteins and involved in

tumorigenesis also stimulated the proliferation and the
production of TNF-o in Vy4V31 cells (17). Another newly
identified stress-induced antigen that is recognized by V31
TCR is ephrin type-A receptor 2 (EphA2) (Figure 1B), which
is upregulated upon AMP-activated protein kinase (AMPK)-
dependent metabolic reprogramming of cancer cells. It can be
recognized co-ordinately by ephrin A to govern the activation of
VY9Vl cells (18). The involvement of EphA2 in V31-mediated
tumor cell lysis was demonstrated by reduced susceptibility to
killing by EphA2 blocking (19). Human V81 cells from peripheral
blood and tissues exhibit autoreactivity to the monomorphic MHC-
related protein 1 (MR1) without binding with any ligands,
indicating MR1 as a ligand of V&1 yOTCR (20). Similar to V32
cells, V81 cells also mediate tumor cell lysis through recognizing
ULBP3 and MICA by NKG2D (Figures 1A, B) (21-23).

V&3 cells account for ~0.2% of lymphocytes in PBMCs from
healthy donors but are enriched in the liver and gut and can be
expanded in patients with CMV activation and B cell chronic
lymphocytic leukemia (24, 25). Human V&3 cells were identified
as CD1d-restricted T cells and can mediate specific killing against
CD1d" cells (Figure 1C). Different from V31 cells, V33 cells can not
recognize other CD1 molecules (such as CD1b,CDIc) (26). Annexin
A2 was identified as the direct ligand of Vy8V83 TCR (Figure 1C)
(17). Recently, human V&3 cells have also been shown to bind to
MRI1 in an antigen-independent manner (Figure 1C). Another
notable population of human 8T cells is V&5 subset. Human

Malignant or Infected Cells

S PAgs MICA/ ULBPs Annaxm EphA2 R1 MICA/ MR1 Annexin EPCR
* A MICB MICB A2
i*
¥
cp1b
BTN3A1| |BTN2A1 o . BTNL: arm.s 0] e
cmd cpid p '
Lipid Ags ®
TCR NKG2D  DNAM1 NKG2D TCR
Human V62 Human V&1 Human V63 Human V65

A B Cc D

FIGURE 1 | Ligands recognized by human 3T cells. (A) Human V&2 T cells recognize PAgs via TCR in a BTN molecule dependent manner. (B) TCRs of human
V381 cells recognize lipid antigens presented by CD1. Human V31 also binds to Annexin A2/A6, EphA2, MR1 in an antigen-independent manner. (A, B) Both human
V&1 and V&2 T cells express NKRs (such as NKG2D, DNAMT1), which bind to MICA/MICB, ULBPs expressed on tumor cells. (C) Human V&3 cells interact with
CD1d with/without antigen via TCR, also recognize Annexin A2 or MR1 without antigen loading. (D) Human Vd5 cells bind to EPCR via TCR.
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Vy4V35 T cells were reported to bind directly with endothelial
protein C receptor (EPCR) (Figure 1D), which is a MHC-like
molecule and binds to phospholipid (27). However, the
phospholipid binding is not required for the recognition between
human V&5 cells and EPCR (28).

Taken together, in contrast to offT cells and other
unconventional T cells, such as NKT and MAIT cells, human
YOT cells usually recognize specific molecules in an antigen-
independent manner except for V82 cells. For example, V81 and
V&3 TCRs bind to the underside of MR1 and the side of the MR1
antigen-binding groove respectively. V1 cells also respond to
CD1 without the loading of lipid antigens. V35 cells recognize
EPCR without the involvement of antigens. Other than the
recognition of these MHC-like structures in the absence of
antigens, V31 TCR can also interact with Annexin A2 and A6
and V83 TCR can recognize Annexin A2 in an Ig-like manner.

With regard to murine y8T cells, they are generally grouped
by the usage of TCR 7y chains (Table 1). Vyl and V4 are the
predominant subsets in the splenic and circulating YOT cells (29).
They are located in many mouse tissues. VY5 is invariably paired
with V31 and the Vy5V31 cells are found in dermis and are also
named as dendritic epidermal T cells (DETC) (30). VY6 cells are
mainly paired with V81 or V84 and can home to the mucosa of
reproductive tissues and skin (30-32). VY7 cells are restricted
to intestinal epithelial lymphocytes (33). However, the

recognition of PAgs of YOTCR was not found in mouse. Only
limited studies reported antigens recognized by murine y3T cells,
such as H2-T10, H2-T22, and algae protein phycoerythrin (PE)
(34-37). A recent study found that BTNL molecules shape the
local VY7 and V75 compartments in murine intestinal epithelium
and skin (16, 38). The requirement of BTNL during the selection
and maintenance of tissue-resident yOT cells indicates the
potential interaction between YOTCR and BTNL. However, it is
still not clear how the murine and human y8T cell subsets can be
matched with each other, and it is difficult to translate some of
the findings with murine YOT cells directly to human.

ANTI-TUMOR AND PRO-TUMOR
FUNCTIONS OF 3T CELLS
MEDIATED BY CYTOKINES AND
RECEPTOR-LIGAND INTERACTIONS

After the recognition of antigens or other stress-induced
molecules expressed on tumor cells by TCR or NKR, 0T cells
can mediate the direct tumor lysis by producing granzyme B,
perforin, TNF-o. and IFN-y (Figure 2: top right) (39, 40). For
example, human Vy9V32 T cells induced human hepatocellular
carcinoma cell lysis in a DNAM-1-dependent manner (4). IL-17
produced by y8T17 cells significantly inhibited tumor

2 escape
(07}

hypoxia

dysfunction
Q@

granzyme B,
perforin, CD107a,
IFN-y, TNF-a

FIGURE 2 | The anti-tumor and pro-tumor functions of y3T cells mediated by cytokines and receptor-ligand interactions. y3T cells can directly kill tumor cells by
expressing death receptor ligands (FasL, TRAIL), producing cytotoxic molecules (granzyme B, perforin, CD107a, IFN-y and TNF-o) and mediating ADCC via CD16
expression. The exosomes derived from y3T cells can also directly induce the apoptosis of cancer cells. Y3T-APC can activate conventional T cells via MHC-I, MHC-
Il, and co-stimulatory molecules. y8T cells induce the maturation of DCs by secreting IFN-y and TNF-a and trigger the activation of NK cells via CD137L. The pro-
tumor function of y8T cells is mediated by the expression of co-inhibitory receptors. The co-inhibitory molecules contribute to tumor cell escape from immune
surveillance. Hypoxic tumor microenvironment also induces the dysfunction of ¥3T cells. y8T cells also promote the tumor growth by recruiting immunosuppressive
cells and inhibiting conventional T cells via producing IL-17, IL-6, IL-10, TGF-B or adenosine.
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development in mice and patients with lung cancer (41, 42).
Additionally, activated YT cells also express death induced
ligands CD95L (also known as FasL) and TNF-related
apoptosis-inducing ligand (TRAIL), which engage with death
receptor CD95 (Fas) and TRAIL receptor, and apoptosis of
infected or malignant cells (43-45). Similar to NK cells, the
majority of YOT cells in peripheral blood express CD16. CD16
acts as an activation site triggering antibody dependent cellular
cytotoxicity (ADCC) (Figure 2: top right) (46). A recent study
showed that exosomes derived from human Vy9V&2T cells (Y5T-
Exos) efficiently induced the apoptosis of tumor cells through
death receptor ligation (Figure 2: top right) (47, 48).

In addition to the direct killing against tumor cells, Y8T cells can
exert the indirect anti-tumor function by regulating other immune
cells in the tumor microenvironment (Figure 2: bottom right).
Human V82 T cells are described as professional antigen-presenting
cells, which can process antigens and provide co-stimulatory signals
to induce the proliferation and differentiation of o T cells (49). It is
also reported that human Y3T-APCs efficiently cross-present soluble
antigens to CD8'T cells via MHC-I (50, 51). The high expression
levels of APC-associated molecules and tumor antigen presenting
capability of in vitro expanded human Vy9V32 T cells were also
detected during the early stage of differentiation (52). Activated
human 8T cells boost NK cell mediated killing of tumor cells
through CD137L (53).

Besides ligand-receptor interactions, cytokine production is
the pivotal pathway to regulate other immune cells. Like
conventional T cells, YT cells can be polarized to different
subsets based on the secreted cytokines, including IFN-y-
producing YOT cells (YOT-IFN or ydT1), IL-4-producing YT
cells (y0T2), IL-17-producing y8T cells (Y0T17) and Foxp3™
regulatory YOT cells (Y0Treg). These cytokine-producing yoT
cells exist in both human and mouse and can regulate other
immune cell functions via their signature cytokine productions
(Figure 2: bottom right). For instance, activated Y0T1 cells
promoted the maturation of DCs via IFN-y dependent manner
in mouse (54). Human freshly isolated Y0T1 cells also induced
the upregulation of HLA-DR, CD86, CD83 and release of IFN-v,
IL-6, and TNF-o of monocyte-derived DCs through the
production of TNF-o. and IFN-y (55, 56). Both human V&2
and VO3 cells can promote B cell differentiation, antibody
maturation and cytokine production (25, 55). IL-4 producing
mouse VyIV36 T cells can drive the proliferation and IgA
secretion of Germinal Centre (GC) B cells (57). In additions,
YOT17 cells promoted the infiltration of CTLs within the tumor
bed via IL-17 production after chemotherapy (58).

Although the anti-tumor functions of Y8T cells have been shown
in many murine models and in cancer patients, the pro-tumor
activities of YOT cells were also reported in numerous studies
(Figure 2: left). Co-inhibitory molecules can be upregulated on
human and murine y8T cells in tumors, which can bind to the co-
inhibitory receptors expressed on ofiT cells to restrain their
activation, infiltration, and anti-tumor efficiency (59). The
expressions of PD-1, TIM3 and TIGIT also induced the
exhaustion and dysfunction of 0T cells in AML and MM
patients (60). Moreover, co-inhibitory receptors on YOT cells

contribute to the tumor immune escape by interaction with
immunosuppressive molecules (Figure 2: top left) (61).
Meanwhile, hypoxic tumor microenvironment induced by
metabolic status of cancer cells is a critical factor in mediating
immunosuppression. The anti-tumor function of YOT cells can be
inhibited by hypoxia via the downregulation of NKG2D and
CD107a expressions (62, 63). Over the past decade, IL-17-
producing Y0T cells have been found to associate with enhanced
tumor growth and metastasis. YOT is one of the major sources of IL-
17 in the tumor microenvironment and reduced tumor burden was
observed in IL-17-producing Vy4-depleted and IL-17-deficient mice
(64). ¥8T17 cells recruit myeloid-derived suppressor cells (MDSCs)
to the tumor site, which can suppress CD8™T cell responses (64, 65).
Consistently, this is also demonstrated in human colorectal cancer
(66). In addition, IL-17-produing y8T cells can accelerate tumor
progression by promoting angiogenesis and mobilizing pro-tumor
macrophages (67, 68). Y0Treg cells were found to impair DC
maturation and function and CD8'T cell-mediated anti-tumor
function in cancer patients via TGF-f, IL-6 or IL-10 dependent
or independent manner (69, 70). Moreover, CD39" y3Tregs were
implicated in the immunosuppressive environment via producing
adenosine in human colorectal cancer (71). The IL-6-adenosine
positive feedback loop between CD73" ydTregs and cancer-
associated fibroblast (CAF) was also involved in tumor
progression in breast cancer patients (72).

The role of YOT cells during tumor development is still
controversial. Their functions could be cancer type specific. For
example, human V81 cells exhibit potent cytotoxicity against
colon cancer cells and B-cell chronic lymphocytic leukemia (73,
74), whereas V2 cells are shown to kill a wide variety of tumors
including acute myeloid leukemia, multiple myeloma and lung
cancer (60, 75). On the other hand, some Y0T subsets may exert
different functions in the same type of cancer under different
treatment conditions/environment. y3T17 cells promoted CTL
infiltration into colon cancer after chemotherapy (58), whereas
they have been reported to inhibit anti-tumor immune response
via promoting the recruitment, proliferation, and survival of
MDSCs in colorectal cancer and hepatocellular carcinoma (66).
Therefore, YOT cell function during tumor development may be
greatly influenced by the cytokines present in the tumor
microenvironment under specific conditions.

CYTOKINE-MEDIATED REGULATION OF
voT CELL FUNCTION

IL-2 is the commonly used cytokine for expanding human and
murine YOT cells. IL-2 is identified as T cell growth factor and is
necessary for the proliferation and differentiation of naive T cells
into effector T cells (76). However, y0 T cells produce relatively
less IL-2 than of T cells (77). Due to the PAgs recognition of
human Vy9V62 T cells, the combination of IL-2 with synthetic
PAgs, such as Zoledronate (Zol) and BrHPP, was widely used for
the generation of human Vy9V42 T cells from PBMCs for yoT
cell-based immunotherapy (Figure 3). Adoptive transfer of
pamidronate-expanded VYy9V32 cells alone effectively
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prevented EBV-induced B cell lymphoproliferative disease
(EBV-LPD) in mouse and the injection of pamidronate
significantly controlled the development through specific
activation and expansion of Vy9Vd2 cells in humanized mice
(78). The adoptive transfer of IL-2/PAgs ex vivo expanded
VY9VE2 cells from autologous or allogeneic hosts exhibited
potent anti-tumor effects in a variety of cancer patients, such
as gastric cancer, osteolytic breast cancer, prostate cancer, and
colorectal cancer and so on (79-81). The in vivo administration
of pamidronate/Zol and low-dose IL-2 also triggered the
proliferation of Y8T cells in clinical trials and engaged the anti-
tumor response without appreciable toxicity in patients (82-84).

IL-15, another proinflammatory cytokine in IL-2 superfamily,
has been shown to contribute to the effector functions and maintain
the survival of human NK cells via IL-15-AKT-XBP1s signalling
pathway (Figure 3) (85). It is also a promising candidate for
enhancing the expansion and cytotoxicity of YOT cells. With the
stimulation of IL-2 or IL-15, human V&1 cells were selectively
induced to express NKp30, NKp44 and NKp46 in a PI3K/AKT
dependent manner. The expression of NCRs is associated with
increased production of granzyme B and improved cytotoxicity
against tumor cells (86, 87). Although low IL-2 and additional IL-15
did not affect NKR expression level on human Vy9Vo2 cells, IL-15
significantly increased the expressions of perforin, granzyme B,
granulysin and T-bet, which led to enhanced cytotoxic capacity of
VY9VE2 cells. A recent study showed that IL-15 and vitamin C (VC)
promoted the proliferation and differentiation and reduced the
apoptosis of human Vy9V2 T cells in vitro (88). Moreover, these
cells possessed improved cytotoxicity, both in vitro and in

humanized mouse model. The adoptive transfer of IL-15+VC
expanded VY9V32 T cells prolonged the survival of patients with
late-stage lung cancer or liver cancer (89). IL-15 receptor o
signalling limited the development of IL-17-produing YOT cells in
a mouse model (90). A global increase of Y0T17 cells was found in
IL-15R0.-KO mice, but only modest dysregulation of IL-17
production was observed on YT cells from IL-15-KO mice (90).
Other members of IL-2 cytokine family, including IL-4, IL-7,
and IL-21, can also act on YOT cells (Figure 3). IL-4 was
demonstrated to negatively regulate the anti-tumor function of
YOT cells via inhibiting the expression of NKG2D and promoting
the IL-10 production from V31 cells, which in turn suppressed IFN-
v production and the proliferation of V82 cells (91). IL-7 was used to
expand V81 cells from PBMCs in the presence of PHA in vitro.
These expanded V91 cells exhibited great anti-tumor function and
prolonged the survival of human colon carcinoma xenografted mice
via expressing high levels of cytotoxicity-related molecules,
chemokine receptors and NCRs (73). However, IL-7 selectively
promoted the IL-17 production of human V31, V&2 from cord
blood and murine CD27- Y3T cells (92). The combination of IL-2
and IL-21 directly enhanced the cytotoxicity of human 3T cells to
hepatocellular carcinoma cells in vitro (93). In the presence of IL-21,
PAgs-expanded VY9VS2 T cells expressed high level of CXCRS,
which enhanced their potential to support antibody production by
B cells (94). On the other hand, IL-21-stimulated Vy9V32 T cells
can differentiate to CD73" ydTreg cells, which exert
immunosuppressive function via inhibiting T cell responses (95).
The synergistic function of IL-12 and IL-18 in inducing the
IFN-y production of T cells and NK cells has been demonstrated
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FIGURE 3 | The polarization of human y8T cells induced by different cytokine combination. PAgs and IL-2 with the addition of VC and IL-15, IL-12+IL-18, IL-27, IL-
21+IL-2 enhance the cytotoxicity of human Vy9Vé2 T cells. IL-2 or IL-15 induces the expressions of NKp30, NKp44, NKp46 on human V&1 cells. PHA and IL-7
enhance the cytotoxic capacity of human Va1 cells. TGF-f increases the anti-tumor cytotoxicity of human Vy9Vé2 T cells in the presence of PAgs and IL-2. The
combination of IL-1B, IL-23 and TGF-B promotes the differentiation of Vy9Vé2 T cells to IL-17-producing YT cells. IL-4 reduces the proliferation, NKG2D expression
and IFN-y production of VyOV&2 T cells via promoting IL-10 secretion of V81 cells. IL-21 alone induces VyAV82 T cell differentiation to CD73" y8Treg cells, which

promote tumor growth.
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(96-99). Similarly, IL-12 and IL-18 also induced the production
of IFN-v and increased cytotoxicity in y8T cells in an antigen-
independent manner (Figure 3) (100, 101). However, the
combination of IL-12 and IL-18 led to the upregulation of
TIM3 on YOT cells (102). That might indicate the exhaustion
or dysfunction of Y3T cell under the treatment of IL-12/18. IL-27
is a heterodimeric cytokine of IL-12 cytokine family. The
expression of IL-12R on T cells can be induced by IL-27 (103).
The expression of IL-27R was also detected on human Vy9V32
cells. As expected, IL-27 enhanced the cytotoxicity of human
VyoV82 T cells by promoting the production of cytotoxic
molecules (Figure 3) (104).

In addition to cytokines inducing IFN-y production in YT cells,
IL-17-inducing cytokines are responsible for the polarization of
YOT17 cells. It is well known that combination of IL-1[, IL-6, IL-23
and TGF-f induce Th17 differentiation in mouse (105). In human,
IL-1 and IL-23 but not TGF-P and IL-6 serve as a rheostat tuning
the magnitude of Th17 development (106). The stimulation of IL-1
and IL-23 also promoted RORYt, IL-17, IL-21, and IL-22 expression
by V0T cells without the engagement of T cell receptor in mouse
(107, 108). TGF-3 was found to play a key role in the generation of
murine Y3T17 in thymus during the postnatal period (109). In
adults, IL-1B, TGF- and IL-23 are required for the commitment of
human Vy9V82 T cells to IL-17-producing YOT cells, which also
produce IL-22 (110). The function of IL-6 during the differentiation
of Y8T17 is uncertain. However, the cocktail of cytokines (IL-1[3,
TGF-B, IL-6 and IL-23) was used to selectively generate IL-17"
VYOV2 T cells in vitro (111). These expanded IL-17* Vy9V32 T
cells produce IL-17 but neither IL-22 nor IFN-y. The expressions of
granzyme B, TRAIL, FasL and CD161 on IL-17" Vy9V32 T cells
indicated that they contributed to host immune responses against
infectious microorganisms. By contrast, TGF-f3 surprisingly
augmented the cytotoxic activity of human V62 T cells when they
were stimulated with PAgs and IL-2 or IL-15 in the presence of
TGF-B. TGF-B enhanced the migration and anti-tumor function of
V&2 T cells through upregulating the expressions of CD54, CD103,
IFN-y, IL-9 and granzyme B (112, 113).

In conclusion, Y8T cells display high functional plasticity
depending on the cytokine environment (Figure 3). In view of
the cytokine-dependent polarization of Y8T cells, it is crucial to
understand the roles of various cytokines regulating YOT cell
function, which can guide the effective y0T cell-based
cancer immunotherapy.

CURRENT 8T CELL-BASED CANCER
IMMUNOTHERAPIES

Currently, the majority of the preclinical and clinical studies on Y8T
cell-based cancer immunotherapy focus on adoptive transfer of
expanded YOT cells and its combination with other treatments
(Table 2, Figure 4: top left and bottom left). Due to the feasible
expansion of human Vy9V3d2 T cells using PAgs or
aminobisphosphonates, Zol has been used to expand human 8T
cells for adoptive transfer or directly injected to induce the proliferation
of human 8T cells in vivo for cancer immunotherapy (115, 136).

Due to the successful application of chimeric antigen receptor
(CAR) technology in 0T cells, it has also been applied in YT
cell therapy (Figure 4: bottom right). The study of allogeneic
CAR-V31 T cells targeting CD20 antigen exhibited strong anti-
tumor activity and minimum xenogeneic graft-versus-host
diseases (GVHD) post transplantation (137). This result
further supports the clinical evaluation of ADI-001, an
allogeneic CD20-CAR-V31 T cell-associated clinical trial
(NCT04735471). CAR-V82 T cells also showed promising
results in clearing tumor in vivo (138). Mucin 1 (MUC1) with
the Tn epitope is a tumor associated antigen that is highly
expressed on the surface of a variety of cancer cells. MUCI-Tn
CAR-modified Vy9V82 T cells exhibited similar or stronger anti-
tumor effect against breast cancer cell and gastric cancer cell in
vitro compared with CAR-ofT cells. MUC1-Tn-CAR-Vy9V&2 T
cells more effectively suppressed tumor growth than Vyové2 T
cells in a xenograft murine gastric cancer model (138).

Many recent studies focus on antibody-induced ¥d T cell
activation (Figure 4: top right). Fab fragment of anti-CD3e
antibody UCHT1 could bind to YdTCR and enhance the tumor
killing of Vy9Vd2 T cells (139). Aude De Gassart et al.
constructed a humanized antibody, ICT01, that could activate
VYOVE2T cells (140). This antibody activated YOT cells that could
kill various tumor cell lines and primary tumor cells but not
normal healthy cells. Rajkumar Ganesan et al. designed a
bispecific antibody, anti-TRGV9/anti-CD123, that could
simultaneously bind to the VY9 chain of Vy9Vd2 T cells and
AML target antigen, CD123, then induce the recruitment and
activation of VY9V2 T cells to target AML blasts (141). Recently,
it is demonstrated that tribody activated yOT cells efficiently.
Hans H Oberg et al. reported that tribody [(HER2)2 X CD16] is
more effective than anti-HER2 monoclonal antibodies in
enhancing yOT cell killing against HER2-expressing cancer cells
(142). Similarly, tribody of (Her2)2X V79 targets human V9 T
cells and HER2-expressing tumor cells to induce YT cell-
mediated tumor killing (143).

The combination therapy of Y0T cells with chemotherapy,
monoclonal antibody, immune checkpoint blockade or surgery can
exert better anti-tumor efficacy than monotherapy (Figure 4: bottom
left). The combination of 8T cells with locoregional therapy enhanced
clinical efficacy (134). The study using rituximab combined with
obinutuzumab and daratumumab activated Y0T cells expanded the
therapeutic potential of distinctive tumor-antigen-targeting mAbs
induced ADCC by 8T cells (144). Targeting the costimulatory
signals such as CD137 agonist antibody may promote the anti-
tumor functions of VyY9V&2 T cells (145). YOT cell therapy enhanced
chemotherapy-induced cytotoxicity to advanced bladder cancer cells
(146). Chemotherapeutic agent temozolomide (TMZ) may promote
the anti-tumor efficacy of the adoptively transferred ex vivo expanded
YOT cells for malignant glioblastoma (147). A few studies
demonstrated that nanoparticles could also enhance Y3 T cells
function. In a recent work, it was found that selenium nanoparticles
(SeNPs) pre-treatment strengthened the anti-tumor cytotoxicity of
VYOVE2 T cells by increasing the expression of cytotoxicity related
molecules, such as NKG2D, CD16, and IFN-y (148). Chitosan
nanoparticles (CSNPs) also exhibited the role of enhancing anti-
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TABLE 2 | Clinical trials of YT cell-based immunotherapy.

Cell types Cancer type

Both V&1 and Lymphoma

Phase Stimulation Ref

| Anti-yd T-cell receptor (TCR) antibody combine with ~ (114)

Va2 cells IL-2 in vitro expanded
VyoVa2 Renal cell carcinoma I Zoledronate and IL-2 in vivo (11
Vy9Vé2 Renal cell carcinoma, Colon cancer, Oesophagus carcinoma, Gastric | Bromohydrin pyrophosphate (IPH1101) combine (11
cancer, Ovarian cancer, Breast cancer with IL-2 in vivo
Vy9Vé2 Metastatic renal cell carcinoma | Bromohydrin pyrophosphate (IPH1101) combine (117)
with IL-2 in vivo
Vy9Vé2 Non-Hodgkin lymphoma (NHL) or Multiple myeloma (MM) Pilot study IL-2 combine with pamidronate (84)
VyoVa2 Renal cell carcinoma Pilot study IL-2 in vivo (118)
Vy9Vé2 Breast cancer Il Neoadjuvant letrozole (LET) plus zoledronic acid (119)
Vy9Vé2 Colorectal cancer Unknown  Zoledronate and IL-2 in vitro expansion (120)
Vy9Vé2 Myeloma Il Zoledronate and IL-2 in vivo (121)
Vy9Vé2 Neuroblastoma | Zoledronate and IL-2 in vivo (82)
VyoVa2 Leukaemia Pilot study Zoledronate and IL-2 in vivo (122)
Vy9Vé2 Renal cell carcinoma [RCC], Malignant melanoma, and Acute myeloid I/ Zoledronate and IL-2 in vivo (123)
leukemia
Vy9Vé2 Renal cell carcinoma Pilot study Zoledronate and IL-2 in vivo (124)
Vy9Vé2 Breast cancer Il zoledronic acid in vivo (125)
VyoVa2 Non-small cell lung cancer | Zoledronate and IL-2 in vitro expansion (126)
Vy9Vé2 Non-small cell lung cancer | Zoledronate and IL-2 in vitro expansion (127)
VyoVa2 Breast cancer | Zoledronate and IL-2 in vivo (128)
Vy9Vé2 Various solid tumors Unknown  zoledronic acid in vitro (129)
Vy9Vé2 Breast cancer Unknown  zoledronic acid in vivo (130)
Vy9Vé3 Multiple myeloma Pilot study Zoledronate and IL-2 in vitro expansion (131)
T Pancreatic cancer | Combination of gemcitabine (GEM) and autologous ~ (132)
v8 T-cell therapy
T Locally advanced pancreatic cancer Il Irreversible electroporation plus allogeneic Y3 T cells  (133)
T Hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC). I/l Locoregional therapy followed by adoptive transfer ~ (134)
of allogeneic y3 T cells
YT Non-muscle invasive bladder cancer Il Rapamycin and BCG instillations (135)

tumor immune responses of YOT cells (149). Immune checkpoint
blockade using anti-PD-1 mAb promoted VY9V2 T cell cytotoxicity
against PC-2 tumors in immunodeficient NSG mice (150).
Furthermore, combination of Tim-3 blocking antibody and
bispecific antibody MT110 (anti-CD3 and anti-EpCAM) enhanced
the anti-tumor efficacy of the adoptively transferred y3T cells (151).
However, autologous Y8T cells combined with gemcitabine therapy
for patients with curatively resected pancreatic cancer revealed no
significant difference compared with those receiving gemcitabine
alone (132), suggesting better understanding of the mechanism of
action during different treatment is required to achieved effective
combination treatment outcome with yOT cells. Cytokine
combinations promoting YOT cell function revealed in pre-clinical
studies are yet to be evaluated in clinical trials.

CHALLENGES AND POTENTIAL
STRATEGIES TARGETING CYTOKINE
SIGNALS TO IMPROVE 0T
CELL-BASED IMMUNOTHERAPY

YOT cell-based immunotherapy mainly faces three challenges in
achieving improved outcomes for cancer patients. The first
challenge is the in vitro generation/expansion of activated yOT cells
with superior cytotoxicity. Although adoptive transfer or in vivo
expanded human VY9V 2 T cells exhibited good safety profile, it did
not achieve clinical benefit in some patients (123). To boost the

cytotoxicity of expanded YOT cells and overcome the immune
suppressive tumor microenvironment, cytokine stimulated
allogeneic VYOV&2 cells or V31 cells have been used for clinical
trials. A recent study on 132 late-stage cancer patients confirmed the
safety and efficacy of IL-15and VCactivated allogeneic Vy9V&2 T cells
(89). The addition of IL-15 resulted in the activation, proliferation and
increased cytotoxic capacity of Y0 T cells (152). To activate cytokine
signals, expanded V31 T cells were engineered witha GPC-3 CARand
secreted IL-15 (sIL-15) which significantly controlled tumor growth
without inducing GVHD. Moreover, GPC-3-CAR/sIL-15 V31 T cells
displayed greater proliferation and stronger anti-tumor responses
when compared with GPC-3-CAR V&1 T cells lacking sIL-15,
suggesting IL-15 signal was critical for CAR V81 T cell function
(153). The adoptive transfer of IL-7-expanded human Vo1 cells also
displayed improved cytotoxicity and prolonged the survival of human
colon carcinoma xenografted mice (73).

Secondly, rapid exhaustion is a big challenge for maintaining
survival and durable anti-tumor functions of YT cells. Persistent
stimulation of human y8T cells with PAgs often induces YT cell
exhaustion (154). It was demonstrated that CD137 costimulation
promoted the proliferation and prolonged the survival of Vy9V&2
T cells in vitro and in vivo (145). Moreover, Endogenous IL-15
acted as a potential factor to support the survival of human
VYOVE2 T cells in vivo in the absence of exogenous IL-2 (120).
The dysfunction of T cells is also associated with the
immunosuppressive tumor microenvironment which will be
discussed in the following session.
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FIGURE 4 | The current approaches for y3T cell-based cancer immunotherapy. The adoptive transfer of cytokine-activated y3T cells in vitro or locally administration
of cytokines in vivo. Combination therapy includes y3T cell transfer combined with specific antibody therapy, immune checkpoint blockade, chemotherapy, and
nanoparticles. Bispecific antibodies simultaneously bind to y3T cells and cancer cells. Gene modified CAR-y8T cells directly recognize the cancer cells and mediate

cancer cell lysis.

The third challenge is the immunosuppression mechanisms in
cancer patients that can impair the anti-tumor functions of the
infused/activated YT cells. The lack of IL-2 and IL-21 in HCC
patients was associated with the PD-1 expression and reduced
cytotoxicity of human 8T cells (93). In a murine HCC model,
IL-23 overexpression in the liver induced the polarization of YT
cells to IL-17-producing YOT cells (155). Then y8T17 cells promoted
tumor growth via recruiting immunosuppressive myeloid-derived
suppressor cells (MDSCs). TGF-f is a pivotal immunosuppressive
cytokine that secreted by immunosuppressive cell subsets (such as
MDSCs and Treg) and tumor cells (156). Mouse Foxp3™ y0T cells
can be induced by TGF-B and inhibit T cell activation (157). To
avoid y8T cell exhaustion and circumvent tumour
immunosuppressive microenvironment, it is a feasible approach
to target cytokine signals via administering exogenous stimulating
cytokines or blocking the immunosuppressive cytokines. As
systemic administration of cytokines usually induces toxicity in
patients (158, 159), local delivery of cytokine can limit the systemic
toxicity and offer an approach to benefit from the therapeutic effects
of the activating cytokines. The local delivery of mRNAs encoding
interleukin-12 (IL-12) single chain, interferon-o, granulocyte-
macrophage colony-stimulating factor, or IL-15 sushi led to
robust anti-tumor immune responses and tumor regression in
multiple murine models (160). These findings provided preclinical
evidence for modifying the tumor microenvironment via local
administration of cytokines. It is possible to induce highly
cytotoxic yOT cells through modulations of tumor
microenvironment through the induction or delivery of cytokines
that can specially promote the anti-tumor functions of Y0T cells
(Figure 4: top left).

CONCLUSION AND FUTURE DIRECTIONS

Taken together, YOT cells are promising cellular products for
adoptive cancer immunotherapy. Y0T cells mediate anti-tumor
effects by direct killing and indirect immune regulatory function
to other immune cells. YOTCR can recognize specific molecules
often in an antigen-independent manner. YT cells can differentiate
into various subsets producing signature cytokines, which can have
anti-tumor or pro-tumor functions. In the meantime, this
differentiation is greatly influenced by the cytokines present in the
microenvironment. YOT cell-based cancer immunotherapy has a
good safety profile in the clinical trials but its clinical efficacy needs
further improvement. Combination therapies involving Y0T cells
have had some clinical successes, including chemotherapy, CAR
therapy, and checkpoint blockade therapy. IL-2 and IL-15 have been
explored for their functions to activate YOT cells in clinical trials.
However, other cytokines and combinations that can activate Y5T
cells are yet to be evaluated in clinical trials. First, cytokines or
cytokine combinations can be used to expand, activate, and polarize
YOT cells ex vivo to generate potent cellular products for adoptive
therapy. Cytokine signals can also be modulated to prolong the
survival of the transferred YOT cells in vivo. Second, cytokine can be
incorporated into CAR 0T cell therapy to facilitate CAR 3T cell
function and prolong their survival in vivo via autocrine
mechanism, which can avoid the toxicity induced by systemic
cytokine treatment. Third, cytokine signal on YOT cells can be
triggered via antibody binding in the form of bi-specific or tri-
specific antibody targeting tumor antigens. The additional cytokine
signal can facilitate Y3T cell function and survival. Thus, detailed
understanding of the effects of cytokines and cytokine combinations
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on YT cell anti-tumor function is critical for designing effective
therapeutic strategies to incorporate cytokine signals into various
YOT cell-based cancer immunotherapy to achieve superior
clinical efficacy.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it for publication.

REFERENCES

1.

10.

11.

12.

13.

14.

Vavassori S, Kumar A, Wan GS, Ramanjaneyulu GS, Cavallari M, El Daker S,
et al. Butyrophilin 3al Binds Phosphorylated Antigens and Stimulates Human
Gammadelta T Cells. Nat Immunol (2013) 14(9):908-16. doi: 10.1038/ni.2665

. Rigau M, Ostrouska S, Fulford TS, Johnson DN, Woods K, Ruan Z, et al.

Butyrophilin 2al Is Essential for Phosphoantigen Reactivity by Gammadelta T
Cells. Science (2020) 367(6478):1-10. doi: 10.1126/science.aay5516

. Laplagne C, Ligat L, Foote J, Lopez F, Fournie JJ, Laurent C, et al. Self-

Activation of Vgamma9vdelta2 T Cells by Exogenous Phosphoantigens
Involves Tcr and Butyrophilins. Cell Mol Immunol (2021) 18(8):1861-70.
doi: 10.1038/s41423-021-00720-w

. Toutirais O, Cabillic F, Le Friec G, Salot S, Loyer P, Le Gallo M, et al. Dnax

Accessory Molecule-1 (Cd226) Promotes Human Hepatocellular Carcinoma
Cell Lysis by Vgamma9vdelta2 T Cells. Eur J Immunol (2009) 39(5):1361-8.
doi: 10.1002/€ji.200838409

. Sandberg Y, Almeida J, Gonzalez M, Lima M, Barcena P, Szczepanski T, et al.

Tcrgammadelta+ Large Granular Lymphocyte Leukemias Reflect the Spectrum
of Normal Antigen-Selected Tcrgammadelta+ T-Cells. Leukemia (2006) 20
(3):505-13. doi: 10.1038/sj.]leu.2404112

. Davey MS, Willcox CR, Joyce SP, Ladell K, Kasatskaya SA, McLaren JE, et al.

Clonal Selection in the Human Vdeltal T Cell Repertoire Indicates
Gammadelta Tcr-Dependent Adaptive Immune Surveillance. Nat Commun
(2017) 8:14760. doi: 10.1038/ncomms14760

. Kaminski H, Marseres G, Cosentino A, Guerville F, Pitard V, Fournie JJ, et al.

Understanding Human Gammadelta T Cell Biology Toward a Better
Management of Cytomegalovirus Infection. Immunol Rev (2020) 298(1):264—
88. doi: 10.1111/imr.12922

. Pizzolato G, Kaminski H, Tosolini M, Franchini DM, Pont F, Martins F, et al.

Single-Cell Rna Sequencing Unveils the Shared and the Distinct Cytotoxic
Hallmarks of Human Tcrvdeltal and Tcrvdelta2 Gammadelta T Lymphocytes.
Proc Natl Acad Sci USA (2019) 116(24):11906-15. doi: 10.1073/pnas.
1818488116

. Scheper W, van Dorp S, Kersting S, Pietersma F, Lindemans C, Hol S, et al.

Gammadeltat Cells Elicited by Cmv Reactivation After Allo-Sct Cross-
Recognize Cmv and Leukemia. Leukemia (2013) 27(6):1328-38. doi: 10.1038/
leu.2012.374
Pitard V, Roumanes D, Lafarge X, Couzi L, Garrigue I, Lafon ME, et al. Long-
Term Expansion of Effector/Memory Vdelta2-Gammadelta T Cells Is a
Specific Blood Signature of Cmv Infection. Blood (2008) 112(4):1317-24.
doi: 10.1182/blood-2008-01-136713
Reijneveld JF, Ocampo TA, Shahine A, Gully BS, Vantourout P, Hayday AC,
et al. Human Gammadelta T Cells Recognize Cdlb by Two Distinct
Mechanisms. Proc Natl Acad Sci USA (2020) 117(37):22944-52.
doi: 10.1073/pnas.2010545117
Pellicci DG, Uldrich AP, Le Nours J, Ross F, Chabrol E, Eckle SB, et al. The
Molecular Bases of Delta/Alphabeta T Cell-Mediated Antigen Recognition.
J Exp Med (2014) 211(13):2599-615. doi: 10.1084/jem.20141764
Roy S, Ly D, Castro CD, Li NS, Hawk AJ, Altman JD, et al. Molecular Analysis
of Lipid-Reactive Vdeltal Gammadelta T Cells Identified by Cdlc Tetramers.
J Immunol (2016) 196(4):1933-42. doi: 10.4049/jimmunol.1502202
Luoma AM, Castro CD, Mayassi T, Bembinster LA, Bai L, Picard D, et al.
Crystal Structure of Vdeltal T Cell Receptor in Complex With Cd1d-Sulfatide
Shows Mhc-Like Recognition of a Self-Lipid by Human Gammadelta T Cells.
Immunity (2013) 39(6):1032-42. doi: 10.1016/j.immuni.2013.11.001

FUNDING

This work has been supported by Singapore National Research
Foundation grant NRF-CRP19-2017-04.

ACKNOWLEDGMENTS

Figures in this paper were drawn using BioRender (@biorender.com).

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Uldrich AP, Le Nours J, Pellicci DG, Gherardin NA, McPherson KG, Lim RT,
et al. Cd1d-Lipid Antigen Recognition by the Gammadelta Tcr. Nat Immunol
(2013) 14(11):1137-45. doi: 10.1038/ni.2713

Di Marco Barros R, Roberts NA, Dart RJ, Vantourout P, Jandke A,
Nussbaumer O, et al. Epithelia Use Butyrophilin-Like Molecules to Shape
Organ-Specific Gammadelta T Cell Compartments. Cell (2016) 167(1):203-
18.17. doi: 10.1016/j.cell.2016.08.030

Marlin R, Pappalardo A, Kaminski H, Willcox CR, Pitard V, Netzer S, et al. Sensing
of Cell Stress by Human Gammadelta Tcr-Dependent Recognition of Annexin A2.
Proc Natl Acad Sci USA (2017) 114(12):3163-8. doi: 10.1073/pnas.1621052114
Harly C, Joyce SP, Domblides C, Bachelet T, Pitard V, Mannat C, et al. Human
Gammadelta T Cell Sensing of Ampk-Dependent Metabolic Tumor
Reprogramming Through Tcr Recognition of Epha2. Sci Immunol (2021) 6
(61):1-14. doi: 10.1126/sciimmunol.aba9010

Hudecek R, Kohlova B, Siskova I, Piskacek M, Knight A. Blocking of Epha2 on
Endometrial Tumor Cells Reduces Susceptibility to Vdeltal Gamma-Delta T-
Cell-Mediated Killing. Front Immunol (2021) 12:752646. doi: 10.3389/
fimmu.2021.752646

Le Nours J, Gherardin NA, Ramarathinam SH, Awad W, Wiede F, Gully BS,
etal. A Class of Gammadelta T Cell Receptors Recognize the Underside of the
Antigen-Presenting Molecule Mrl. Science (2019) 366(6472):1522-7.
doi: 10.1126/science.aav3900

Groh V, Steinle A, Bauer S, Spies T. Recognition of Stress-Induced Mhc
Molecules by Intestinal Epithelial Gammadelta T Cells. Science (1998) 279
(5357):1737-40. doi: 10.1126/science.279.5357.1737

Poggi A, Venturino C, Catellani S, Clavio M, Miglino M, Gobbi M, et al.
Vdeltal T Lymphocytes From B-Cll Patients Recognize Ulbp3 Expressed on
Leukemic B Cells and Up-Regulated by Trans-Retinoic Acid. Cancer Res
(2004) 64(24):9172-9. doi: 10.1158/0008-5472.CAN-04-2417

Wu]J, Groh V, Spies T. T Cell Antigen Receptor Engagement and Specificity in
the Recognition of Stress-Inducible Mhc Class I-Related Chains by Human
Epithelial Gamma Delta T Cells. J Immunol (2002) 169(3):1236-40.
doi: 10.4049/jimmunol.169.3.1236

Hunter S, Willcox CR, Davey MS, Kasatskaya SA, Jeffery HC, Chudakov DM,
et al. Human Liver Infiltrating Gammadelta T Cells Are Composed of
Clonally Expanded Circulating and Tissue-Resident Populations. ] Hepatol
(2018) 69(3):654-65. doi: 10.1016/j.jhep.2018.05.007

Petrasca A, Melo AM, Breen EP, Doherty DG. Human Vdelta3(+)
Gammadelta T Cells Induce Maturation and Igm Secretion by B Cells.
Immunol Lett (2018) 196:126-34. doi: 10.1016/j.imlet.2018.02.002

Mangan BA, Dunne MR, O'Reilly VP, Dunne PJ], Exley MA, O'Shea D, et al.
Cutting Edge: Cd1d Restriction and Th1/Th2/Th17 Cytokine Secretion by Human
Vdelta3 T Cells. J Immunol (2013) 191(1):30-4. doi: 10.4049/jimmunol.1300121
Mohan Rao LV, Esmon CT, Pendurthi UR. Endothelial Cell Protein C
Receptor: A Multiliganded and Multifunctional Receptor. Blood (2014) 124
(10):1553-62. doi: 10.1182/blood-2014-05-578328

Willcox CR, Pitard V, Netzer S, Couzi L, Salim M, Silberzahn T, et al.
Cytomegalovirus and Tumor Stress Surveillance by Binding of a Human
Gammadelta T Cell Antigen Receptor to Endothelial Protein C Receptor. Nat
Immunol (2012) 13(9):872-9. doi: 10.1038/ni.2394

Born WK, Yin Z, Hahn YS, Sun D, O'Brien RL. Analysis of Gamma Delta T
Cell Functions in the Mouse. ] Immunol (2010) 184(8):4055-61. doi: 10.4049/
jimmunol.0903679

Castillo-Gonzalez R, Cibrian D, Sanchez-Madrid F. Dissecting the Complexity
of Gammadelta T-Cell Subsets in Skin Homeostasis, Inflammation, and

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 914839


https://www.biorender.com
https://doi.org/10.1038/ni.2665
https://doi.org/10.1126/science.aay5516
https://doi.org/10.1038/s41423-021-00720-w
https://doi.org/10.1002/eji.200838409
https://doi.org/10.1038/sj.leu.2404112
https://doi.org/10.1038/ncomms14760
https://doi.org/10.1111/imr.12922
https://doi.org/10.1073/pnas.1818488116
https://doi.org/10.1073/pnas.1818488116
https://doi.org/10.1038/leu.2012.374
https://doi.org/10.1038/leu.2012.374
https://doi.org/10.1182/blood-2008-01-136713
https://doi.org/10.1073/pnas.2010545117
https://doi.org/10.1084/jem.20141764
https://doi.org/10.4049/jimmunol.1502202
https://doi.org/10.1016/j.immuni.2013.11.001
https://doi.org/10.1038/ni.2713
https://doi.org/10.1016/j.cell.2016.08.030
https://doi.org/10.1073/pnas.1621052114
https://doi.org/10.1126/sciimmunol.aba9010
https://doi.org/10.3389/fimmu.2021.752646
https://doi.org/10.3389/fimmu.2021.752646
https://doi.org/10.1126/science.aav3900
https://doi.org/10.1126/science.279.5357.1737
https://doi.org/10.1158/0008-5472.CAN-04-2417
https://doi.org/10.4049/jimmunol.169.3.1236
https://doi.org/10.1016/j.jhep.2018.05.007
https://doi.org/10.1016/j.imlet.2018.02.002
https://doi.org/10.4049/jimmunol.1300121
https://doi.org/10.1182/blood-2014-05-578328
https://doi.org/10.1038/ni.2394
https://doi.org/10.4049/jimmunol.0903679
https://doi.org/10.4049/jimmunol.0903679
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Song et al.

Cytokines in ydT Cell-Based Immunotherapy

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Malignancy. J Allergy Clin Immunol (2021) 147(6):2030-42. doi: 10.1016/
jjaci.2020.11.023

Itohara S, Farr AG, Lafaille JJ, Bonneville M, Takagaki Y, Haas W, et al.
Homing of a Gamma Delta Thymocyte Subset With Homogeneous T-Cell
Receptors to Mucosal Epithelia. Nature (1990) 343(6260):754-7. doi: 10.1038/
343754a0

Marchitto MC, Dillen CA, Liu H, Miller RJ, Archer NK, Ortines RV, et al.
Clonal Vgamma6(+)Vdelta4(+) T Cells Promote Il-17-Mediated Immunity
Against Staphylococcus Aureus Skin Infection. Proc Natl Acad Sci USA (2019)
116(22):10917-26. doi: 10.1073/pnas.1818256116

Melandri D, Zlatareva I, Chaleil RAG, Dart R], Chancellor A, Nussbaumer O,
et al. The Gammadeltatcr Combines Innate Immunity With Adaptive
Immunity by Utilizing Spatially Distinct Regions for Agonist Selection and
Antigen Responsiveness. Nat Immunol (2018) 19(12):1352-65. doi: 10.1038/
$41590-018-0253-5

Crowley MP, Reich Z, Mavaddat N, Altman JD, Chien Y. The Recognition of
the Nonclassical Major Histocompatibility Complex (Mhc) Class I Molecule,
T10, by the Gammadelta T Cell, G8. ] Exp Med (1997) 185(7):1223-30.
doi: 10.1084/jem.185.7.1223

Shin S, El-Diwany R, Schaffert S, Adams EJ, Garcia KC, Pereira P, et al.
Antigen Recognition Determinants of Gammadelta T Cell Receptors. Science
(2005) 308(5719):252-5. doi: 10.1126/science.1106480

Zeng X, Wei YL, Huang ], Newell EW, Yu H, Kidd BA, et al. Gammadelta T
Cells Recognize a Microbial Encoded B Cell Antigen to Initiate a Rapid
Antigen-Specific Interleukin-17 Response. Immunity (2012) 37(3):524-34.
doi: 10.1016/j.immuni.2012.06.011

Jensen KD, Su X, Shin S, Li L, Youssef S, Yamasaki S, et al. Thymic Selection
Determines Gammadelta T Cell Effector Fate: Antigen-Naive Cells Make
Interleukin-17 and Antigen-Experienced Cells Make Interferon Gamma.
Immunity (2008) 29(1):90-100. doi: 10.1016/j.immuni.2008.04.022

Jandke A, Melandri D, Monin L, Ushakov DS, Laing AG, Vantourout P, et al.
Butyrophilin-Like Proteins Display Combinatorial Diversity in Selecting and
Maintaining Signature Intraepithelial Gammadelta T Cell Compartments. Nat
Commun (2020) 11(1):3769. doi: 10.1038/s41467-020-17557-y

Vantourout P, Hayday A. Six-Of-the-Best: Unique Contributions of
Gammadelta T Cells to Immunology. Nat Rev Immunol (2013) 13(2):88—
100. doi: 10.1038/nri3384

Silva-Santos B, Serre K, Norell H. Gammadelta T Cells in Cancer. Nat Rev
Immunol (2015) 15(11):683-91. doi: 10.1038/nri3904

Cui K, Mei X, Cheng M. Increased Interleukin-17a-Producing Gammadeltat
Cells Predict Favorable Survival in Elderly Patients With Luad and Lusc.
] Cancer Res Clin Oncol (2021) 147(11):3289-98. doi: 10.1007/s00432-021-
03742-z

Cheng M, Chen Y, Huang D, Chen W, Xu W, Chen Y, et al. Intrinsically
Altered Lung-Resident Gammadeltat Cells Control Lung Melanoma by
Producing Interleukin-17a in the Elderly. Aging Cell (2020) 19(2):e13099.
doi: 10.1111/acel.13099

Pennington DJ, Vermijlen D, Wise EL, Clarke SL, Tigelaar RE, Hayday AC.
The Integration of Conventional and Unconventional T Cells That
Characterizes Cell-Mediated Responses. Adv Immunol (2005) 87:27-59.
doi: 10.1016/S0065-2776(05)87002-6

Roessner K, Wolfe J, Shi C, Sigal LH, Huber S, Budd RC. High Expression of
Fas Ligand by Synovial Fluid-Derived Gamma Delta T Cells in Lyme Arthritis.
J Immunol (2003) 170(5):2702-10. doi: 10.4049/jimmunol.170.5.2702
Tawfik D, Groth C, Gundlach JP, Peipp M, Kabelitz D, Becker T, et al. Trail-
Receptor 4 Modulates Gammadelta T Cell-Cytotoxicity Toward Cancer Cells.
Front Immunol (2019) 10:2044. doi: 10.3389/fimmu.2019.02044

Braakman E, van de Winkel JG, van Krimpen BA, Jansze M, Bolhuis RL. Cd16
on Human Gamma Delta T Lymphocytes: Expression, Function, and
Specificity for Mouse Igg Isotypes. Cell Immunol (1992) 143(1):97-107.
doi: 10.1016/0008-8749(92)90008-d

Wang X, Xiang Z, Liu Y, Huang C, Pei Y, Wang X, et al. Exosomes Derived
From Vdelta2-T Cells Control Epstein-Barr Virus-Associated Tumors and
Induce T Cell Antitumor Immunity. Sci Transl Med (2020) 12(563):1-16.
doi: 10.1126/scitranslmed.aaz3426

Wang X, Zhang Y, Mu X, CR Tu, Chung Y, Tsao SW, et al. Exosomes Derived
From Gammadelta-T Cells Synergize With Radiotherapy and Preserve
Antitumor Activities Against Nasopharyngeal Carcinoma in

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Immunosuppressive Microenvironment. ] Immunother Cancer (2022) 10(2):
€003832. doi: 10.1136/jitc-2021-003832

Brandes M, Willimann K, Moser B. Professional Antigen-Presentation
Function by Human Gammadelta T Cells. Science (2005) 309(5732):264-8.
doi: 10.1126/science.1110267

Meuter S, Eberl M, Moser B. Prolonged Antigen Survival and Cytosolic Export
in Cross-Presenting Human Gammadelta T Cells. Proc Natl Acad Sci USA
(2010) 107(19):8730-5. doi: 10.1073/pnas.1002769107

Brandes M, Willimann K, Bioley G, Levy N, Eberl M, Luo M, et al. Cross-
Presenting Human Gammadelta T Cells Induce Robust Cd8+ Alphabeta T
Cell Responses. Proc Natl Acad Sci USA (2009) 106(7):2307-12. doi: 10.1073/
pnas.0810059106

Holmen Olofsson G, Idorn M, Carnaz Simoes AM, Aehnlich P, Skadborg SK,
Noessner E, et al. Vgamma9vdelta2 T Cells Concurrently Kill Cancer Cells
and Cross-Present Tumor Antigens. Front Immunol (2021) 12:645131.
doi: 10.3389/fimmu.2021.645131

Maniar A, Zhang X, Lin W, Gastman BR, Pauza CD, Strome SE, et al. Human
Gammadelta T Lymphocytes Induce Robust Nk Cell-Mediated Antitumor
Cytotoxicity Through Cd137 Engagement. Blood (2010) 116(10):1726-33.
doi: 10.1182/blood-2009-07-234211

Wang B, Tian Q, Guo D, Lin W, Xie X, Bi H. Activated Gammadelta T Cells
Promote Dendritic Cell Maturation and Exacerbate the Development of
Experimental Autoimmune Uveitis (Eau) in Mice. Immunol Invest (2021)
50(2-3):164-83. doi: 10.1080/08820139.2020.1716786

Petrasca A, Doherty DG. Human Vdelta2(+) Gammadelta T Cells
Differentially Induce Maturation, Cytokine Production, and Alloreactive T
Cell Stimulation by Dendritic Cells and B Cells. Front Immunol (2014) 5:650.
doi: 10.3389/fimmu.2014.00650

Ismaili J, Olislagers V, Poupot R, Fournie JJ, Goldman M. Human Gamma
Delta T Cells Induce Dendritic Cell Maturation. Clin Immunol (2002) 103(3
Pt 1):296-302. doi: 10.1006/clim.2002.5218

Ullrich L, Lueder Y, Juergens AL, Wilharm A, Barros-Martins J, Bubke A,
et al. II-4-Producing Vgammal(+)/Vdelta6(+) Gammadelta T Cells Sustain
Germinal Center Reactions in Peyer's Patches of Mice. Front Immunol (2021)
12:729607. doi: 10.3389/fimmu.2021.729607

Ma Y, Aymeric L, Locher C, Mattarollo SR, Delahaye NF, Pereira P, et al.
Contribution of Il-17-Producing Gamma Delta T Cells to the Efficacy of
Anticancer Chemotherapy. J Exp Med (2011) 208(3):491-503. doi: 10.1084/
jem.20100269

Daley D, Zambirinis CP, Seifert L, Akkad N, Mohan N, Werba G, et al.
Gammadelta T Cells Support Pancreatic Oncogenesis by Restraining
Alphabeta T Cell Activation. Cell (2016) 166(6):1485-99.e15. doi: 10.1016/
j.cell.2016.07.046

Brauneck F, Weimer P, Schulze Zur Wiesch ], Weisel K, Leypoldt L,
Vohwinkel G, et al. Bone Marrow-Resident Vdeltal T Cells Co-Express
Tigit With Pd-1, Tim-3 or Cd39 in Aml and Myeloma. Front Med
(Lausanne) (2021) 8:763773. doi: 10.3389/fmed.2021.763773

Beatty GL, Gladney WL. Immune Escape Mechanisms as a Guide for Cancer
Immunotherapy. Clin Cancer Res (2015) 21(4):687-92. doi: 10.1158/1078-
0432.CCR-14-1860

Park JH, Kim HJ, Kim CW, Kim HC, Jung Y, HS L, et al. Tumor Hypoxia
Represses Gammadelta T Cell-Mediated Antitumor Immunity Against
Brain Tumors. Nat Immunol (2021) 22(3):336-46. doi: 10.1038/s41590-
020-00860-7

Sureshbabu SK, Chaukar D, Chiplunkar SV. Hypoxia Regulates the Differentiation
and Anti-Tumor Effector Functions of Gammadeltat Cells in Oral Cancer. Clin
Exp Immunol (2020) 201(1):40-57. doi: 10.1111/cei.13436

Ma S, Cheng Q, Cai Y, Gong H, Wu Y, Yu X, et al. II-17a Produced by
Gammadelta T Cells Promotes Tumor Growth in Hepatocellular Carcinoma.
Cancer Res (2014) 74(7):1969-82. doi: 10.1158/0008-5472.CAN-13-2534
Coffelt SB, Kersten K, Doornebal CW, Weiden J, Vrijland K, Hau CS, et al. Il-
17-Producing Gammadelta T Cells and Neutrophils Conspire to Promote
Breast Cancer Metastasis. Nature (2015) 522(7556):345-8. doi: 10.1038/
naturel4282

Wu P, Wu D, Ni G, Ye ], Chen W, Hu G, et al. Gammadeltat17 Cells Promote
the Accumulation and Expansion of Myeloid-Derived Suppressor Cells in
Human Colorectal Cancer. Immunity (2014) 40(5):785-800. doi: 10.1016/
jimmuni.2014.03.013

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 914839


https://doi.org/10.1016/j.jaci.2020.11.023
https://doi.org/10.1016/j.jaci.2020.11.023
https://doi.org/10.1038/343754a0
https://doi.org/10.1038/343754a0
https://doi.org/10.1073/pnas.1818256116
https://doi.org/10.1038/s41590-018-0253-5
https://doi.org/10.1038/s41590-018-0253-5
https://doi.org/10.1084/jem.185.7.1223
https://doi.org/10.1126/science.1106480
https://doi.org/10.1016/j.immuni.2012.06.011
https://doi.org/10.1016/j.immuni.2008.04.022
https://doi.org/10.1038/s41467-020-17557-y
https://doi.org/10.1038/nri3384
https://doi.org/10.1038/nri3904
https://doi.org/10.1007/s00432-021-03742-z
https://doi.org/10.1007/s00432-021-03742-z
https://doi.org/10.1111/acel.13099
https://doi.org/10.1016/S0065-2776(05)87002-6
https://doi.org/10.4049/jimmunol.170.5.2702
https://doi.org/10.3389/fimmu.2019.02044
https://doi.org/10.1016/0008-8749(92)90008-d
https://doi.org/10.1126/scitranslmed.aaz3426
https://doi.org/10.1136/jitc-2021-003832
https://doi.org/10.1126/science.1110267
https://doi.org/10.1073/pnas.1002769107
https://doi.org/10.1073/pnas.0810059106
https://doi.org/10.1073/pnas.0810059106
https://doi.org/10.3389/fimmu.2021.645131
https://doi.org/10.1182/blood-2009-07-234211
https://doi.org/10.1080/08820139.2020.1716786
https://doi.org/10.3389/fimmu.2014.00650
https://doi.org/10.1006/clim.2002.5218
https://doi.org/10.3389/fimmu.2021.729607
https://doi.org/10.1084/jem.20100269
https://doi.org/10.1084/jem.20100269
https://doi.org/10.1016/j.cell.2016.07.046
https://doi.org/10.1016/j.cell.2016.07.046
https://doi.org/10.3389/fmed.2021.763773
https://doi.org/10.1158/1078-0432.CCR-14-1860
https://doi.org/10.1158/1078-0432.CCR-14-1860
https://doi.org/10.1038/s41590-020-00860-7
https://doi.org/10.1038/s41590-020-00860-7
https://doi.org/10.1111/cei.13436
https://doi.org/10.1158/0008-5472.CAN-13-2534
https://doi.org/10.1038/nature14282
https://doi.org/10.1038/nature14282
https://doi.org/10.1016/j.immuni.2014.03.013
https://doi.org/10.1016/j.immuni.2014.03.013
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Song et al.

Cytokines in ydT Cell-Based Immunotherapy

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Rei M, Goncalves-Sousa N, Lanca T, Thompson RG, Mensurado S, Balkwill
FR, et al. Murine Cd27(-) Vgamma6(+) Gammadelta T Cells Producing II-17a
Promote Ovarian Cancer Growth Via Mobilization of Protumor Small
Peritoneal Macrophages. Proc Natl Acad Sci USA (2014) 111(34):E3562-70.
doi: 10.1073/pnas.1403424111

Wakita D, Sumida K, Iwakura Y, Nishikawa H, Ohkuri T, Chamoto K, et al.
Tumor-Infiltrating II-17-Producing Gammadelta T Cells Support the
Progression of Tumor by Promoting Angiogenesis. Eur | Immunol (2010)
40(7):1927-37. doi: 10.1002/€ji.200940157

Kuhl AA, Pawlowski NN, Grollich K, Blessenohl M, Westermann J, Zeitz M,
et al. Human Peripheral Gammadelta T Cells Possess Regulatory Potential.
Immunology (2009) 128(4):580-8. doi: 10.1111/j.1365-2567.2009.03162.x
Peng G, Wang HY, Peng W, Kiniwa Y, Seo KH, Wang RF. Tumor-Infiltrating
Gammadelta T Cells Suppress T and Dendritic Cell Function Via Mechanisms
Controlled by a Unique Toll-Like Receptor Signaling Pathway. Immunity
(2007) 27(2):334-48. doi: 10.1016/j.immuni.2007.05.020

Hu G, Wu P, Cheng P, Zhang Z, Wang Z, Yu X, et al. Tumor-Infiltrating Cd39
(+)Gammadeltatregs Are Novel Immunosuppressive T Cells in Human
Colorectal Cancer. Oncoimmunology (2017) 6(2):e1277305. doi: 10.1080/
2162402X.2016.1277305

Hu G, Cheng P, Pan J, Wang S, Ding Q, Jiang Z, et al. An I16-Adenosine
Positive Feedback Loop Between Cd73(+) Gammadeltatregs and Cafs
Promotes Tumor Progression in Human Breast Cancer. Cancer Immunol
Res (2020) 8(10):1273-86. doi: 10.1158/2326-6066.CIR-19-0923

Wu D, Wu P, Wu X, Ye ], Wang Z, Zhao S, et al. Ex Vivo Expanded Human
Circulating Vdeltal Gammadeltat Cells Exhibit Favorable Therapeutic
Potential for Colon Cancer. Oncoimmunology (2015) 4(3):€992749.
doi: 10.4161/2162402X.2014.992749

Siegers GM, Dhamko H, Wang XH, Mathieson AM, Kosaka Y, Felizardo TC,
et al. Human Vdeltal Gammadelta T Cells Expanded From Peripheral Blood
Exhibit Specific Cytotoxicity Against B-Cell Chronic Lymphocytic Leukemia-
Derived Cells. Cytotherapy (2011) 13(6):753-64. doi: 10.3109/14653249.
2011.553595

Kakimi K, Matsushita H, Murakawa T, Nakajima ]J. Gammadelta T Cell
Therapy for the Treatment of Non-Small Cell Lung Cancer. Transl Lung
Cancer Res (2014) 3(1):23-33. doi: 10.3978/j.issn.2218-6751.2013.11.01
Bachmann MF, Oxenius A. Interleukin 2: From Immunostimulation to
Immunoregulation and Back Again. EMBO Rep (2007) 8(12):1142-8. doi:
10.1038/sj.embor.7401099

Yui MA, Sharp LL, Havran WL, Rothenberg EV. Preferential Activation of an
11-2 Regulatory Sequence Transgene in Tcr Gamma Delta and Nkt Cells:
Subset-Specific Differences in II-2 Regulation. ] Immunol (2004) 172(8):4691—
9. doi: 10.4049/jimmunol.172.8.4691

Xiang Z, Liu Y, Zheng J, Liu M, Lv A, Gao Y, et al. Targeted Activation of
Human Vgamma9vdelta2-T Cells Controls Epstein-Barr Virus-Induced B
Cell Lymphoproliferative Disease. Cancer Cell (2014) 26(4):565-76.
doi: 10.1016/j.ccr.2014.07.026

Zysk A, DeNichilo MO, Panagopoulos V, Zinonos I, Liapis V, Hay S, et al.
Adoptive Transfer of Ex Vivo Expanded Vgamma9vdelta2 T Cells in
Combination With Zoledronic Acid Inhibits Cancer Growth and Limits
Osteolysis in a Murine Model of Osteolytic Breast Cancer. Cancer Lett
(2017) 386:141-50. doi: 10.1016/j.canlet.2016.11.013

Wada I, Matsushita H, Noji S, Mori K, Yamashita H, Nomura S, et al.
Intraperitoneal Injection of in Vitro Expanded Vgamma9vdelta2 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
Kondo M, Sakuta K, Noguchi A, Ariyoshi N, Sato K, Sato S, et al. Zoledronate
Facilitates Large-Scale Ex Vivo Expansion of Functional Gammadelta T Cells
From Cancer Patients for Use in Adoptive Immunotherapy. Cytotherapy
(2008) 10(8):842-56. doi: 10.1080/14653240802419328

Pressey JG, Adams J, Harkins L, Kelly D, You Z, Lamb LSJr. In Vivo
Expansion and Activation of Gammadelta T Cells as Immunotherapy for
Refractory Neuroblastoma: A Phase 1 Study. Med (Baltimore) (2016) 95(39):
€4909. doi: 10.1097/MD.0000000000004909

Dieli F, Vermijlen D, Fulfaro F, Caccamo N, Meraviglia S, Cicero G, et al.
Targeting Human {Gamma}Delta} T Cells With Zoledronate and Interleukin-
2 for Immunotherapy of Hormone-Refractory Prostate Cancer. Cancer Res
(2007) 67(15):7450-7. doi: 10.1158/0008-5472.CAN-07-0199

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

97.

98.

99.

100.

101.

102.

Wilhelm M, Kunzmann V, Eckstein S, Reimer P, Weissinger F, Ruediger T,
et al. Gammadelta T Cells for Immune Therapy of Patients With Lymphoid
Malignancies. Blood (2003) 102(1):200-6. doi: 10.1182/blood-2002-12-3665
Wang Y, Zhang Y, Yi P, Dong W, Nalin AP, Zhang J, et al. The II-15-Akt-Xbpls
Signaling Pathway Contributes to Effector Functions and Survival in Human Nk
Cells. Nat Immunol (2019) 20(1):10-7. doi: 10.1038/s41590-018-0265-1

Mikulak J, Oriolo F, Bruni E, Roberto A, FS C, Villa A, et al. Nkp46-
Expressing Human Gut-Resident Intraepithelial Vdeltal T Cell
Subpopulation Exhibits High Antitumor Activity Against Colorectal
Cancer. JCI Insight (2019) 4(24):1-19. doi: 10.1172/jci.insight.125884
Correia DV, Fogli M, Hudspeth K, da Silva MG, Mavilio D, Silva-Santos B.
Differentiation of Human Peripheral Blood Vdeltal+ T Cells Expressing the
Natural Cytotoxicity Receptor Nkp30 for Recognition of Lymphoid Leukemia
Cells. Blood (2011) 118(4):992-1001. doi: 10.1182/blood-2011-02-339135
Kouakanou L, Xu Y, Peters C, He J, Wu Y, Yin Z, et al. Vitamin C Promotes
the Proliferation and Effector Functions of Human Gammadelta T Cells. Cell
Mol Immunol (2020) 17(5):462-73. doi: 10.1038/s41423-019-0247-8

Xu Y, Xiang Z, Alnaggar M, Kouakanou L, Li J, He J, et al. Allogeneic
Vgamma9vdelta2 T-Cell Immunotherapy Exhibits Promising Clinical Safety
and Prolongs the Survival of Patients With Late-Stage Lung or Liver Cancer.
Cell Mol Immunol (2021) 18(2):427-39. doi: 10.1038/s41423-020-0515-7
Colpitts SL, Puddington L, Lefrancois L. II-15 Receptor Alpha Signaling
Constrains the Development of II-17-Producing Gammadelta T Cells. Proc
Natl Acad Sci USA (2015) 112(31):9692-7. doi: 10.1073/pnas.1420741112
Mao Y, Yin S, Zhang J, Hu Y, Huang B, Cui L, et al. A New Effect of 1I-4 on
Human Gammadelta T Cells: Promoting Regulatory Vdeltal T Cells Via II-10
Production and Inhibiting Function of Vdelta2 T Cells. Cell Mol Immunol
(2016) 13(2):217-28. doi: 10.1038/cmi.2015.07

Michel ML, Pang DJ, Haque SF, Potocnik AJ, Pennington D], Hayday AC.
Interleukin 7 (Il-7) Selectively Promotes Mouse and Human Il-17-Producing
Gammadelta Cells. Proc Natl Acad Sci USA (2012) 109(43):17549-54.
doi: 10.1073/pnas.1204327109

Jiang H, Yang Z, Song Z, Green M, Song H, Shao Q. Gammadelta T Cells in
Hepatocellular Carcinoma Patients Present Cytotoxic Activity But Are
Reduced in Potency Due to II-2 and II-21 Pathways. Int Immunopharmacol
(2019) 70:167-73. doi: 10.1016/j.intimp.2019.02.019

Bansal RR, Mackay CR, Moser B, Eberl M. 1l-21 Enhances the Potential of
Human Gammadelta T Cells to Provide B-Cell Help. Eur ] Immunol (2012) 42
(1):110-9. doi: 10.1002/¢ji.201142017

Barjon C, Michaud HA, Fages A, Dejou C, Zampieri A, They L, et al. 1I-21
Promotes the Development of a Cd73-Positive Vgamma9vdelta2 T Cell
Regulatory Population. Oncoimmunology (2017) 7(1):e1379642.
doi: 10.1080/2162402X.2017.1379642

. Song Y, Hu B, Liu Y, Jin Z, Zhang Y, Lin D, et al. II-12/Il-18-Preactivated

Donor Nk Cells Enhance Gvl Effects and Mitigate Gvhd After Allogeneic
Hematopoietic Stem Cell Transplantation. Eur J Immunol (2018) 48(4):670-
82. doi: 10.1002/€ji.201747177
Romee R, Rosario M, Berrien-Elliott MM, Wagner JA, Jewell BA, Schappe T,
et al. Cytokine-Induced Memory-Like Natural Killer Cells Exhibit Enhanced
Responses Against Myeloid Leukemia. Sci Transl Med (2016) 8
(357):357ral123. doi: 10.1126/scitranslmed.aaf2341
Romee R, Schneider SE, Leong JW, Chase JM, Keppel CR, Sullivan RP, et al.
Cytokine Activation Induces Human Memory-Like Nk Cells. Blood (2012)
120(24):4751-60. doi: 10.1182/blood-2012-04-419283
Yoshimoto T, Takeda K, Tanaka T, Ohkusu K, Kashiwamura S, Okamura H,
et al. II-12 Up-Regulates I1-18 Receptor Expression on T Cells, Th1 Cells, and
B Cells: Synergism With I1-18 for Ifn-Gamma Production. ] Immunol (1998)
161(7):3400-7.
Schilbach K, Welker C, Krickeberg N, Kaisser C, Schleicher S, Hashimoto H.
In the Absence of a Tcr Signal 11-2/11-12/18-Stimulated Gammadelta T Cells
Demonstrate Potent Anti-Tumoral Function Through Direct Killing and
Senescence Induction in Cancer Cells. Cancers (Basel) (2020) 12(1):130.
doi: 10.3390/cancers12010130
Domae E, Hirai Y, Ikeo T, Goda S, Shimizu Y. Cytokine-Mediated Activation
of Human Ex Vivo-Expanded Vgamma9vdelta2 T Cells. Oncotarget (2017) 8
(28):45928-42. doi: 10.18632/oncotarget.17498
Schofield L, Toannidis L], Karl S, Robinson LJ, Tan QY, Poole DP, et al.
Synergistic Effect of II-12 and I1-18 Induces Tim3 Regulation of Gammadelta

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 914839


https://doi.org/10.1073/pnas.1403424111
https://doi.org/10.1002/eji.200940157
https://doi.org/10.1111/j.1365-2567.2009.03162.x
https://doi.org/10.1016/j.immuni.2007.05.020
https://doi.org/10.1080/2162402X.2016.1277305
https://doi.org/10.1080/2162402X.2016.1277305
https://doi.org/10.1158/2326-6066.CIR-19-0923
https://doi.org/10.4161/2162402X.2014.992749
https://doi.org/10.3109/14653249.2011.553595
https://doi.org/10.3109/14653249.2011.553595
https://doi.org/10.3978/j.issn.2218-6751.2013.11.01
https://doi.org/10.1038/sj.embor.7401099
https://doi.org/10.4049/jimmunol.172.8.4691
https://doi.org/10.1016/j.ccr.2014.07.026
https://doi.org/10.1016/j.canlet.2016.11.013
https://doi.org/10.1002/cam4.196
https://doi.org/10.1080/14653240802419328
https://doi.org/10.1097/MD.0000000000004909
https://doi.org/10.1158/0008-5472.CAN-07-0199
https://doi.org/10.1182/blood-2002-12-3665
https://doi.org/10.1038/s41590-018-0265-1
https://doi.org/10.1172/jci.insight.125884
https://doi.org/10.1182/blood-2011-02-339135
https://doi.org/10.1038/s41423-019-0247-8
https://doi.org/10.1038/s41423-020-0515-7
https://doi.org/10.1073/pnas.1420741112
https://doi.org/10.1038/cmi.2015.07
https://doi.org/10.1073/pnas.1204327109
https://doi.org/10.1016/j.intimp.2019.02.019
https://doi.org/10.1002/eji.201142017
https://doi.org/10.1080/2162402X.2017.1379642
https://doi.org/10.1002/eji.201747177
https://doi.org/10.1126/scitranslmed.aaf2341
https://doi.org/10.1182/blood-2012-04-419283
https://doi.org/10.3390/cancers12010130
https://doi.org/10.18632/oncotarget.17498
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Song et al.

Cytokines in ydT Cell-Based Immunotherapy

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

T Cell Function and Decreases the Risk of Clinical Malaria in Children
Living in Papua New Guinea. BMC Med (2017) 15(1):114. doi: 10.1186/
s12916-017-0883-8

Hibbert L, Pflanz S, De Waal Malefyt R, Kastelein RA. I1-27 and Ifn-Alpha
Signal Via Statl and Stat3 and Induce T-Bet and Il-12rbeta2 in Naive T Cells.
J Interferon Cytokine Res (2003) 23(9):513-22. doi: 10.1089/
10799900360708632

Morandi F, Prigione I, Airoldi I. Human Tcrgammadelta+ T Cells Represent
a Novel Target for 1-27 Activity. Eur J Immunol (2012) 42(6):1547-52.
doi: 10.1002/eji.201142241

McGeachy M]J, Cua DJ. Th17 Cell Differentiation: The Long and
Winding Road. Immunity (2008) 28(4):445-53. doi: 10.1016/j.immuni.
2008.03.001

Revu S, Wu J, Henkel M, Rittenhouse N, Menk A, Delgoffe GM, et al. I1-23
and II-1beta Drive Human Th17 Cell Differentiation and Metabolic
Reprogramming in Absence of Cd28 Costimulation. Cell Rep (2018) 22
(10):2642-53. doi: 10.1016/j.celrep.2018.02.044

Muschaweckh A, Petermann F, Korn T. Il-lbeta and Il-23 Promote
Extrathymic Commitment of Cd27(+)Cd122(-) Gammadelta T Cells to
Gammadeltatl7 Cells. ] Immunol (2017) 199(8):2668-79. doi: 10.4049/
jimmunol.1700287

Sutton CE, Lalor SJ, Sweeney CM, Brereton CF, Lavelle EC, Mills KH.
Interleukin-1 and I1-23 Induce Innate II-17 Production From Gammadelta T
Cells, Amplifying Th17 Responses and Autoimmunity. Immunity (2009) 31
(2):331-41. doi: 10.1016/j.immuni.2009.08.001

Do JS, PJ F, Li L, Spolski R, Robinson J, W] L, et al. Cutting Edge:
Spontaneous Development of II-17-Producing Gamma Delta T Cells in the
Thymus Occurs Via a Tgf-Beta 1-Dependent Mechanism. ] Immunol (2010)
184(4):1675-9. doi: 10.4049/jimmunol.0903539

Ness-Schwickerath K]J, Jin C, Morita CT. Cytokine Requirements for the
Differentiation and Expansion of II-17a- and Il-22-Producing Human
Vgamma2vdelta2 T Cells. ] Immunol (2010) 184(12):7268-80.
doi: 10.4049/jimmunol.1000600

Caccamo N, La Mendola C, Orlando V, Meraviglia S, Todaro M, Stassi G,
et al. Differentiation, Phenotype, and Function of Interleukin-17-Producing
Human Vgamma9vdelta2 T Cells. Blood (2011) 118(1):129-38. doi: 10.1182/
blood-2011-01-331298

Beatson RE, AC P-P, Halim L, Cozzetto D, Hull C, LM W, et al. Tgf-Betal
Potentiates Vgamma9vdelta2 T Cell Adoptive Immunotherapy of Cancer.
Cell Rep Med (2021) 2(12):100473. doi: 10.1016/j.xcrm.2021.100473

Peters C, Meyer A, Kouakanou L, Feder ], Schricker T, Lettau M, et al. Tgf-
Beta Enhances the Cytotoxic Activity of Vdelta2 T Cells. Oncoimmunology
(2019) 8(1):e1522471. doi: 10.1080/2162402X.2018.1522471

Zhou J, Kang N, Cui L, Ba D, He W. Anti-Gammadelta Tcr Antibody-
Expanded Gammadelta T Cells: A Better Choice for the Adoptive
Immunotherapy of Lymphoid Malignancies. Cell Mol Immunol (2012) 9
(1):34-44. doi: 10.1038/cmi.2011.16

Kobayashi H, Tanaka Y, Yagi J, Minato N, Tanabe K. Phase I/Ii Study of
Adoptive Transfer of Gammadelta T Cells in Combination With Zoledronic Acid
and II-2 to Patients With Advanced Renal Cell Carcinoma. Cancer Immunol
Immunother (2011) 60(8):1075-84. doi: 10.1007/s00262-011-1021-7

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 Lymphocyte Agonist in Patients With Solid Tumors.
Cancer Immunol Immunother (2010) 59(10):1521-30. doi: 10.1007/s00262-
010-0879-0

Bennouna J, Bompas E, Neidhardt EM, Rolland F, Philip I, Galea C, et al.
Phase-I Study of Innacell Gammadelta, an Autologous Cell-Therapy Product
Highly Enriched in Gamma9delta2 T Lymphocytes, in Combination With II-
2, in Patients With Metastatic Renal Cell Carcinoma. Cancer Immunol
Immunother (2008) 57(11):1599-609. doi: 10.1007/s00262-008-0491-8
Kobayashi H, Tanaka Y, Yagi J, Osaka Y, Nakazawa H, Uchiyama T, et al.
Safety Profile and Anti-Tumor Effects of Adoptive Immunotherapy Using
Gamma-Delta T Cells Against Advanced Renal Cell Carcinoma: A Pilot
Study. Cancer Immunol Immunother (2007) 56(4):469-76. doi: 10.1007/
$00262-006-0199-6

Sugie T, Suzuki E, Yamauchi A, Yamagami K, Masuda N, Gondo N, et al.
Combined Effects of Neoadjuvant Letrozole and Zoledronic Acid on

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Gammadeltat Cells in Postmenopausal Women With Early-Stage Breast
Cancer. Breast (2018) 38:114-9. doi: 10.1016/j.breast.2017.12.017

Izumi T, Kondo M, Takahashi T, Fujieda N, Kondo A, Tamura N, et al. Ex
Vivo Characterization of Gammadelta T-Cell Repertoire in Patients After
Adoptive Transfer of Vgamma9vdelta2 T Cells Expressing the Interleukin-2
Receptor Beta-Chain and the Common Gamma-Chain. Cytotherapy (2013)
15(4):481-91. doi: 10.1016/j.jcyt.2012.12.004

Fazzi R, Petrini I, Giuliani N, Morganti R, Carulli G, Dalla Palma B, et al.
Phase Ii Trial of Maintenance Treatment With II2 and Zoledronate in
Multiple Myeloma After Bone Marrow Transplantation: Biological and
Clinical Results. Front Immunol (2020) 11:573156. doi: 10.3389/
fimmu.2020.573156

Wilhelm M, Smetak M, Schaefer-Eckart K, Kimmel B, Birkmann J, Einsele
H, et al. Successful Adoptive Transfer and in Vivo Expansion of
Haploidentical Gammadelta T Cells. ] Transl Med (2014) 12:45.
doi: 10.1186/1479-5876-12-45

Kunzmann V, Smetak M, Kimmel B, Weigang-Koehler K, Goebeler M,
Birkmann J, et al. Tumor-Promoting Versus Tumor-Antagonizing Roles of
Gammadelta T Cells in Cancer Immunotherapy: Results From a Prospective
Phase I/1i Trial. J Immunother (2012) 35(2):205-13. doi: 10.1097/
CJ1.0b013e318245bble

Lang JM, Kaikobad MR, Wallace M, Staab MJ, Horvath DL, Wilding G, et al.
Pilot Trial of Interleukin-2 and Zoledronic Acid to Augment Gammadelta T
Cells as Treatment for Patients With Refractory Renal Cell Carcinoma.
Cancer Immunol Immunother (2011) 60(10):1447-60. doi: 10.1007/s00262-
011-1049-8

Sumi E, Sugie T, Yoshimura K, Tada H, lkeda T, Suzuki E, et al. Effects of
Zoledronic Acid and the Association Between Its Efficacy and Gammadeltat
Cells in Postmenopausal Women With Breast Cancer Treated With
Preoperative Hormonal Therapy: A Study Protocol. J Transl Med (2014)
12:310. doi: 10.1186/s12967-014-0310-2

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 Gammadeltatcells: A Phase I Clinical Study.
J Immunother (2011) 34(2):202-11. doi: 10.1097/CJ1.0b013e318207ecfb
Nakajima ], 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
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

Noguchi A, Kaneko T, Kamigaki T, Fujimoto K, Ozawa M, Saito M, et al.
Zoledronate-Activated Vgamma9gammadelta T Cell-Based Immunotherapy Is
Feasible and Restores the Impairment of Gammadelta T Cells in Patients With
Solid Tumors. Cytotherapy (2011) 13(1):92-7. doi: 10.3109/14653249.2010.515581
Santini D, Martini F, Fratto ME, Galluzzo S, Vincenzi B, Agrati C, et al. In
Vivo Effects of Zoledronic Acid on Peripheral Gammadelta T Lymphocytes
in Early Breast Cancer Patients. Cancer Immunol Immunother (2009) 58
(1):31-8. doi: 10.1007/s00262-008-0521-6

Abe Y, Muto M, Nieda M, Nakagawa Y, Nicol A, Kaneko T, et al. Clinical
and Immunological Evaluation of Zoledronate-Activated
Vgamma9gammadelta T-Cell-Based Immunotherapy for Patients With
Multiple Myeloma. Exp Hematol (2009) 37(8):956-68. doi: 10.1016/
j.exphem.2009.04.008

Aoki T, Matsushita H, Hoshikawa M, Hasegawa K, Kokudo N, Kakimi K.
Adjuvant Combination Therapy With Gemcitabine and Autologous
Gammadelta T-Cell Transfer in Patients With Curatively Resected
Pancreatic Cancer. Cytotherapy (2017) 19(4):473-85. doi: 10.1016/
j.jeyt.2017.01.002

Lin M, Zhang X, Liang S, Luo H, Alnaggar M, Liu A, et al. Irreversible
Electroporation Plus Allogenic Vgamma9vdelta2 T Cells Enhances
Antitumor Effect for Locally Advanced Pancreatic Cancer Patients. Signal
Transduct Target Ther (2020) 5(1):215. doi: 10.1038/s41392-020-00260-1
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

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 914839


https://doi.org/10.1186/s12916-017-0883-8
https://doi.org/10.1186/s12916-017-0883-8
https://doi.org/10.1089/10799900360708632
https://doi.org/10.1089/10799900360708632
https://doi.org/10.1002/eji.201142241
https://doi.org/10.1016/j.immuni.2008.03.001
https://doi.org/10.1016/j.immuni.2008.03.001
https://doi.org/10.1016/j.celrep.2018.02.044
https://doi.org/10.4049/jimmunol.1700287
https://doi.org/10.4049/jimmunol.1700287
https://doi.org/10.1016/j.immuni.2009.08.001
https://doi.org/10.4049/jimmunol.0903539
https://doi.org/10.4049/jimmunol.1000600
https://doi.org/10.1182/blood-2011-01-331298
https://doi.org/10.1182/blood-2011-01-331298
https://doi.org/10.1016/j.xcrm.2021.100473
https://doi.org/10.1080/2162402X.2018.1522471
https://doi.org/10.1038/cmi.2011.16
https://doi.org/10.1007/s00262-011-1021-7
https://doi.org/10.1007/s00262-010-0879-0
https://doi.org/10.1007/s00262-010-0879-0
https://doi.org/10.1007/s00262-008-0491-8
https://doi.org/10.1007/s00262-006-0199-6
https://doi.org/10.1007/s00262-006-0199-6
https://doi.org/10.1016/j.breast.2017.12.017
https://doi.org/10.1016/j.jcyt.2012.12.004
https://doi.org/10.3389/fimmu.2020.573156
https://doi.org/10.3389/fimmu.2020.573156
https://doi.org/10.1186/1479-5876-12-45
https://doi.org/10.1097/CJI.0b013e318245bb1e
https://doi.org/10.1097/CJI.0b013e318245bb1e
https://doi.org/10.1007/s00262-011-1049-8
https://doi.org/10.1007/s00262-011-1049-8
https://doi.org/10.1186/s12967-014-0310-2
https://doi.org/10.1097/CJI.0b013e318207ecfb
https://doi.org/10.1016/j.ejcts.2009.11.051
https://doi.org/10.1111/j.1365-2249.2010.04167.x
https://doi.org/10.1111/j.1365-2249.2010.04167.x
https://doi.org/10.3109/14653249.2010.515581
https://doi.org/10.1007/s00262-008-0521-6
https://doi.org/10.1016/j.exphem.2009.04.008
https://doi.org/10.1016/j.exphem.2009.04.008
https://doi.org/10.1016/j.jcyt.2017.01.002
https://doi.org/10.1016/j.jcyt.2017.01.002
https://doi.org/10.1038/s41392-020-00260-1
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Song et al.

Cytokines in ydT Cell-Based Immunotherapy

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Allogeneic Gammadelta T Cells for Advanced Hepatocellular Carcinoma
and Intrahepatic Cholangiocarcinoma. J Vasc Interv Radiol (2022) 33(1):19-
27.€3. doi: 10.1016/j.jvir.2021.09.012

Ji N, Mukherjee N, Reyes RM, Gelfond ], Javors M, Meeks JJ, et al.
Rapamycin Enhances Bcg-Specific Gammadelta T Cells During
Intravesical Bcg Therapy for Non-Muscle Invasive Bladder Cancer: A
Random Double-Blind Study. J Immunother Cancer (2021) 9(3):e001941.
doi: 10.1136/jitc-2020-001941

Nada MH, Wang H, Workalemahu G, Tanaka Y, Morita CT. Enhancing
Adoptive Cancer Immunotherapy With Vgamma2vdelta2 T Cells Through
Pulse Zoledronate Stimulation. J Immunother Cancer (2017) 5:9.
doi: 10.1186/540425-017-0209-6

Nishimoto KP, Barca T, Azameera A, Makkouk A, Romero JM, Bai L, et al.
Allogeneic Cd20-Targeted Gammadelta T Cells Exhibit Innate and Adaptive
Antitumor Activities in Preclinical B-Cell Lymphoma Models. Clin Transl
Immunol (2022) 11(2):e1373. doi: 10.1002/cti2.1373

Zhai X, You F, Xiang S, Jiang L, Chen D, Li Y, et al. Mucl-Tn-Targeting
Chimeric Antigen Receptor-Modified Vgamma9vdelta2 T Cells With
Enhanced Antigen-Specific Anti-Tumor Activity. Am ] Cancer Res (2021)
11(1):79-91.

Juraske C, Wipa P, Morath A, Hidalgo JV, Hartl FA, Raute K, et al. Anti-Cd3
Fab Fragments Enhance Tumor Killing by Human Gammadelta T Cells
Independent of Nck Recruitment to the Gammadelta T Cell Antigen
Receptor. Front Immunol (2018) 9:1579. doi: 10.3389/fimmu.2018.01579
De Gassart A, KS Le, Brune P, Agaugue S, Sims ], Goubard A, et al.
Development of Ict01, a First-In-Class, Anti-Btn3a Antibody for
Activating Vgamma9vdelta2 T Cell-Mediated Antitumor Immune
Response. Sci Transl Med (2021) 13(616):eabj0835. doi: 10.1126/
scitranslmed.abj0835

Ganesan R, Chennupati V, Ramachandran B, Hansen MR, Singh S, Grewal
IS. Selective Recruitment of Gammadelta T Cells by a Bispecific Antibody for
the Treatment of Acute Myeloid Leukemia. Leukemia (2021) 35(8):2274-84.
doi: 10.1038/s41375-021-01122-7

Oberg HH, Kellner C, Gonnermann D, Sebens S, Bauerschlag D, Gramatzki
M, et al. Tribody [(Her2)2xcd16] Is More Effective Than Trastuzumab in
Enhancing Gammadelta T Cell and Natural Killer Cell Cytotoxicity Against
Her2-Expressing Cancer Cells. Front Immunol (2018) 9:814. doi: 10.3389/
fimmu.2018.00814

Oberg HH, Kellner C, Gonnermann D, Peipp M, Peters C, Sebens S, et al.
Gammadelta T Cell Activation by Bispecific Antibodies. Cell Immunol
(2015) 296(1):41-9. doi: 10.1016/j.cellimm.2015.04.009

Hoeres T, Pretscher D, Holzmann E, Smetak M, Birkmann J, Triebel J, et al.
Improving Immunotherapy Against B-Cell Malignancies Using Gammadelta
T-Cell-Specific Stimulation and Therapeutic Monoclonal Antibodies. |
Immunother (2019) 42(9):331-44. doi: 10.1097/CJ1.0000000000000289

Pei Y, Wen K, Xiang Z, Huang C, Wang X, Mu X, et al. Cd137 Costimulation
Enhances the Antiviral Activity of Vgamma9vdelta2-T Cells Against
Influenza Virus. Signal Transduct Target Ther (2020) 5(1):74. doi: 10.1038/
541392-020-0174-2

Pan Y, Chiu YH, Chiu SC, Cho DY, Lee LM, Wen YC, et al. Gamma/Delta T-
Cells Enhance Carboplatin-Induced Cytotoxicity Towards Advanced
Bladder Cancer Cells. Anticancer Res (2020) 40(9):5221-7. doi: 10.21873/
anticanres.14525

Chitadze G, Lettau M, Luecke S, Wang T, Janssen O, Furst D, et al. Nkg2d-
and T-Cell Receptor-Dependent Lysis of Malignant Glioma Cell Lines by
Human Gammadelta T Cells: Modulation by Temozolomide and a
Disintegrin and Metalloproteases 10 and 17 Inhibitors. Oncoimmunology
(2016) 5(4):¢1093276. doi: 10.1080/2162402X.2015.1093276

HuY, Liu T, Li J, Mai F, Li ], Chen Y, et al. Selenium Nanoparticles as New
Strategy to Potentiate Gammadelta T Cell Anti-Tumor Cytotoxicity Through
Upregulation of Tubulin-Alpha Acetylation. Biomaterials (2019)
222:119397. doi: 10.1016/j.biomaterials.2019.119397

Lin L, He J, Li J, Xu Y, Li J, Wu Y. Chitosan Nanoparticles Strengthen
Vgamma9vdelta2 T-Cell Cytotoxicity Through Upregulation of Killing

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Molecules and Cytoskeleton Polarization. Int ] Nanomedicine (2019)
14:9325-36. doi: 10.2147/1JN.5212898

Nada MH, Wang H, Hussein AJ, Tanaka Y, Morita CT. Pd-1 Checkpoint
Blockade Enhances Adoptive Immunotherapy by Human Vgamma2vdelta2
T Cells Against Human Prostate Cancer. Oncoimmunology (2021) 10
(1):1989789. doi: 10.1080/2162402X.2021.1989789

Guo Q, Zhao P, Zhang Z, Zhang J, Zhang Z, Hua Y, et al. Tim-3 Blockade
Combined With Bispecific Antibody Mt110 Enhances the Anti-Tumor Effect
of Gammadelta T Cells. Cancer Immunol Immunother (2020) 69(12):2571~
87. doi: 10.1007/s00262-020-02638-0

Van Acker HH, Anguille S, Willemen Y, Van den Bergh JM, Berneman ZN,
Lion E, et al. Interleukin-15 Enhances the Proliferation, Stimulatory
Phenotype, and Antitumor Effector Functions of Human Gamma Delta T
Cells. ] Hematol Oncol (2016) 9(1):101. doi: 10.1186/s13045-016-0329-3
Makkouk A, Yang XC, Barca T, Lucas A, Turkoz M, Wong JTS, et al. Off-
The-Shelf Vdeltal Gamma Delta T Cells Engineered With Glypican-3 (Gpc-
3)-Specific Chimeric Antigen Receptor (Car) and Soluble II-15 Display
Robust Antitumor Efficacy Against Hepatocellular Carcinoma. J
Immunother Cancer (2021) 9(12):¢003411. doi: 10.1136/jitc-2021-003441
Oberg HH, Kellner C, Peipp M, Sebens S, Adam-Klages S, Gramatzki M,
et al. Monitoring Circulating Gammadelta T Cells in Cancer Patients to
Optimize Gammadelta T Cell-Based Immunotherapy. Front Immunol
(2014) 5:643. doi: 10.3389/fimmu.2014.00643

Liu Y, Song Y, Lin D, Lei L, Mei Y, Jin Z, et al. Ncr(-) Group 3 Innate
Lymphoid Cells Orchestrate 11-23/Il-17 Axis to Promote Hepatocellular
Carcinoma Development. EBioMedicine (2019) 41:333-44. doi: 10.1016/
j.ebiom.2019.02.050

Yang L, Pang Y, Moses HL. Tgf-Beta and Immune Cells: An Important
Regulatory Axis in the Tumor Microenvironment and Progression. Trends
Immunol (2010) 31(6):220-7. doi: 10.1016/}.it.2010.04.002

Kawamoto K, Pahuja A, Hering BJ, Bansal-Pakala P. Transforming Growth
Factor Beta 1 (Tgf-Betal) and Rapamycin Synergize to Effectively Suppress
Human T Cell Responses Via Upregulation of Foxp3+ Tregs. Transpl
Immunol (2010) 23(1-2):28-33. doi: 10.1016/j.trim.2010.03.004

Zaharoff DA, Hoffman BS, Hooper HB, Benjamin CJJr., Khurana KK, Hance
KW, et al. Intravesical Immunotherapy of Superficial Bladder Cancer With
Chitosan/Interleukin-12. Cancer Res (2009) 69(15):6192-9. doi: 10.1158/
0008-5472.CAN-09-1114

Cohen J. 1I-12 Deaths: Explanation and a Puzzle. Science (1995) 270
(5238):908. doi: 10.1126/science.270.5238.908a

Hotz C, Wagenaar TR, Gieseke F, Bangari DS, Callahan M, Cao H, et al.
Local Delivery of Mrna-Encoded Cytokines Promotes Antitumor
Immunity and Tumor Eradication Across Multiple Preclinical Tumor
Models. Sci Transl Med (2021) 13(610):eabc7804. doi: 10.1126/
scitranslmed.abc7804

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Song, Liu, Teo and Liu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

June 2022 | Volume 13 | Article 914839


https://doi.org/10.1016/j.jvir.2021.09.012
https://doi.org/10.1136/jitc-2020-001941
https://doi.org/10.1186/s40425-017-0209-6
https://doi.org/10.1002/cti2.1373
https://doi.org/10.3389/fimmu.2018.01579
https://doi.org/10.1126/scitranslmed.abj0835
https://doi.org/10.1126/scitranslmed.abj0835
https://doi.org/10.1038/s41375-021-01122-7
https://doi.org/10.3389/fimmu.2018.00814
https://doi.org/10.3389/fimmu.2018.00814
https://doi.org/10.1016/j.cellimm.2015.04.009
https://doi.org/10.1097/CJI.0000000000000289
https://doi.org/10.1038/s41392-020-0174-2
https://doi.org/10.1038/s41392-020-0174-2
https://doi.org/10.21873/anticanres.14525
https://doi.org/10.21873/anticanres.14525
https://doi.org/10.1080/2162402X.2015.1093276
https://doi.org/10.1016/j.biomaterials.2019.119397
https://doi.org/10.2147/IJN.S212898
https://doi.org/10.1080/2162402X.2021.1989789
https://doi.org/10.1007/s00262-020-02638-0
https://doi.org/10.1186/s13045-016-0329-3
https://doi.org/10.1136/jitc-2021-003441
https://doi.org/10.3389/fimmu.2014.00643
https://doi.org/10.1016/j.ebiom.2019.02.050
https://doi.org/10.1016/j.ebiom.2019.02.050
https://doi.org/10.1016/j.it.2010.04.002
https://doi.org/10.1016/j.trim.2010.03.004
https://doi.org/10.1158/0008-5472.CAN-09-1114
https://doi.org/10.1158/0008-5472.CAN-09-1114
https://doi.org/10.1126/science.270.5238.908a
https://doi.org/10.1126/scitranslmed.abc7804
https://doi.org/10.1126/scitranslmed.abc7804
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

:' frontiers ‘ Frontiers in Immunology

MINI REVIEW
published: 16 June 2022
doi: 10.3389/fimmu.2022.915837

OPEN ACCESS

Edited by:

Alice Cheung,

Singapore General Hospital,
Singapore

Reviewed by:

Alessandro Poggi,

San Martino Hospital (IRCCS), Italy
Emmanuel Scotet,

Université de Nantes,

France

*Correspondence:

Hans J. van der Viiet
h.vanderviiet@lavatherapeutics.com;
Jji.vanderviliet@amsterdamumc.nl

Specialty section:

This article was submitted to
Cancer Immunity

and Immunotherapy,

a section of the journal
Frontiers in Immunology

Received: 08 April 2022
Accepted: 05 May 2022
Published: 16 June 2022

Citation:

Saura-Esteller J, de Jong M, King LA,
Ensing E, Winograd B, de Gruijl TD,
Parren PWHI and van der Viiet HJ
(2022) Gamma Delta T-Cell-Based
Cancer Immunotherapy:
Past-Present-Future.

Front. Immunol. 13:915837.

doi: 10.3389/fimmu.2022.915837

Check for
updates

Gamma Delta T-Cell Based Cancer
Immunotherapy: Past-Present-Future

José Saura-Esteller’, Milon de Jong’, Lisa A. King ', Erik Ensing?, Benjamin Winograd®,
Tanja D. de Gruijl’, Paul W. H. I. Parren®* and Hans J. van der Vliet-?*

7 Department of Mediical Oncology, Cancer Center Amsterdam, Amsterdam Infection and Immunity Institute, Amsterdam University
Medical Center (UMC), Virjie Universiteit Amsterdam, Amsterdam, Netherlands, 2 LAVA Therapedtics, Utrecht, Netherlands, 3 LAVA
Therapeutics, Philadelphia, PA, United States, 4 Department of Immunology, Leiden University Medical Center, Leiden, Netherlands

vd T-cells directly recognize and kil transformed cells independently of HLA-antigen
presentation, which makes them a highly promising effector cell compartment for cancer
immunotherapy. Novel y8 T-cell-based immunotherapies, primarily focusing on the two
major yd T-cell subtypes that infiltrate tumors (i.e. V&1 and V&2), are being developed. The
Vo1 T-cell subset is enriched in tissues and contains both effector T-cells as well as
regulatory T-cells with tumor-promoting potential. V&2 T-cells, in contrast, are enriched in
circulation and consist of a large, relatively homogeneous, pro-inflammatory effector T-cell
subset. Healthy individuals typically harbor in the order of 50-500 million Vy9Va2 T-cells in
the peripheral blood alone (1-10% of the total CD3* T-cell population), which can rapidly
expand upon stimulation. The VyaVé2 T-cell receptor senses intracellular phosphorylated
metabolites, which accumulate in cancer cells as a result of mevalonate pathway
dysregulation or upon pharmaceutical intervention. Early clinical studies investigating
the therapeutic potential of Vy9Vé2 T-cells were based on either ex vivo expansion and
adoptive transfer or their systemic activation with aminobisphosphonates or synthetic
phosphoantigens, either alone or combined with low dose IL-2. Immune-related adverse
events (irAE) were generally \mild, but the clinical efficacy of these approaches provided
overall limited benefit. In recent years, critical advances have renewed the excitement for
the potential of Vy9Va2 T-cells in cancer immunotherapy. Here, we review 8 T-cell-based
therapeutic strategies and discuss the prospects of those currently evaluated in clinical
studies in cancer patients as well as future therapies that might arise from current
promising pre-clinical results.

Keywords: gamma delta T-cell, cancer, immunotherapy, phosphoantigens, aminobisphosphonates, adoptive cell
transfer, bispecific t-cell engager, chimeric antigen receptor

INTRODUCTION

In humans, Y3 T-cells represent 1 to 10% of total CD3™ T-cells (1, 2), and express a combination of
either of 7 different Vy TCR chains (VY2, 3, 4, 5, 8, 9, and 11), paired with either of 4 V5 (V981, 2, 3,
and 5) chains (2-4). Y0 T-cells are considered to bridge the innate and adaptive immune systems (3).
Activated Y0 T-cells display strong cytotoxic activity through the release of granzyme B and
perforin, by membrane bound TRAIL and Fas (CD95) ligands or production of IFNy or TNFa. to
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amplify the immune response (12), thereby counteracting tumor
development. Using Y3 T-cell-deficient mice in a cutaneous
carcinogenesis model, Y0 T-cells were first shown to prevent
malignancy formation (5). High ¥8 T-cell frequency in tumor
infiltrates from cancer patients correlates with better clinical
outcome in different malignancies (6-10) and Y8 T-cells were
identified as the prognostically most favorable immune cell
subset in tumor infiltrates from 18,000 tumors across 39

malignancies (11). A more recent study confirmed the relative
abundance of Vy9V2 T-cells in TILs and their association with
improved patient outcome (12). These results highlight the
relevance of ¥0 T-cells in tumor control and their potential for
cancer therapy. Y0 T-cells express several receptors shared with
natural killer (NK) cells that participate in enhanced tumor cell
recognition of which FcyRIIIa (CD16a), DNAM-1, and NKG2D
are a few examples (13) (Figure 1A).
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FIGURE 1 | (A) Key characteristics of the two main y3 T-cell subsets, V82 and V31 T-cells, in cancer biology. (B) Schematic representation of therapeutic strategies
involving ¥d T-cells that are currently being developed. ADCC, Antibody-dependent cellular cytotoxicity; ADCP, antibody-dependent cellular phagocytosis; bsAb,
bispecific antibody; bsVHH, bispecific variable domain of heavy-chain only antibody; BTN, Butyrophilin; CAR, chimeric antigen receptor; pAg, phosphoantigen; scFv,
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The complete repertoire of antigens recognized by Y3-TCRs and
the specificity of each Y3 T subset is still not fully understood.
VY9VE2 T-cells represent the predominant yd T-cell subset (95%) in
peripheral blood (14). Vy9V82 T-cells participate in the defense
against malignant cells by sensing small phosphorylated metabolites
(phosphoantigen (pAg) molecules) produced in cholesterol
synthesis [isopentenyl pyrophosphate (IPP)] or by pathogens [e.g.
(E)-4-hydroxy-3-methyl-but-2-enyl-pyrophosphate (HMBPP)]
(5, 15-19). Unlike conventional oy T-cells, ligand recognition by
V9V 52 and most 0 T-cells does not involve antigen presentation
by human leukocyte antigen (HLA) molecules (15, 20). Ligand
recognition by Vy9V82 T-cells requires butyrophilin (BTN) 3Al
(21) and BTN2A1 (22-24). Intracellular pAg levels are increased
under stress conditions like infection or malignant transformation
or by aminobisphosphonates (ABP) (16, 17, 25-27). VY9V&2 T-cells
sense increased intracellular pAg levels causing their activation and
target cell killing. Recent studies show that pAg-bound BTN3A1
associates with BTN2A1 which directly interacts with non-variable
regions of the VY9 chain on Y0 T-cells. Besides Vy9V52 T-cell
recognition of pAgs, some subsets of V81 and Vo3 T-cells detect
pathogenic and self-lipids presented by CDI1d through their TCR
(28, 29). V&1 T-cells are less abundant in circulation than Vy9Va2
T-cells, but they are enriched in epithelia (30) and among tumor
infiltrating lymphocytes (TILs). While cultured V&1 T-cells may
have higher cytotoxic capacity than Vy9V62 T-cells, V81 T-cells can
be pro-tumoral in certain malignancies (6, 31, 32) (Figure 1A).

In this review we discuss Y0 T-cell-based therapeutic
strategies with a focus on recent developments of bispecific Y0
T-cell engagers (bsTCEs) and chimeric antigen receptor (CAR)
vd T-cells, and point towards approaches that may develop into
therapies in the near future (Figure 1B).

PAST CLINICAL STUDIES WITH Vy9V52
T-CELLS

In the year 2000, ABP drugs, already approved to treat patients
with excessive bone resorption, were shown to cause systemic
VyoV32 T-cell stimulation and to increase their antitumor
activity in a preclinical study (26). Following this observation,
studies explored ABP treatment as a systemic Y0 T-cell stimulant
or as an ex vivo tool to expand them for subsequent adoptive cell
transfer (ACT) for cancer immunotherapy.

The ABPs pamidronate (PAM) and zoledronate (ZOL), and
synthetic pAg analogues, mainly bromohydrin pyrophosphate
(BrHPP) and 2-methyl-3-butenyl-1-pyrophosphate (2M3B1PP),
have been used alone or in combination with IL-2 to activate
VYOVS2 T-cells (33, 34). ABP treatment has been evaluated in
cancer patients (e.g. with multiple myeloma (MM), non-
Hodgkin lymphoma (NHL), acute myeloid leukemia (AML),
prostate cancer, renal cell carcinoma, colorectal cancer, breast
cancer, melanoma or neuroblastoma) (33, 35-39). Additionally,
ex vivo expansion of autologous Y0 T-cells with ABPs or
synthetic pAg followed by ACT has been tested in a wide
range of malignancies (e.g. in MM, renal cell carcinoma, non-
small cell lung cancer, gastric cancer, hepatocellular carcinoma,

melanoma, ovarian cancer, colon cancer and pancreatic cancer)
(40-51). While these approaches were well tolerated, clinical
responses typically were found to be infrequent and not long-
lasting, though sporadic meaningful responses were achieved
(52-54). The overall moderate clinical antitumor effect of
systemic Y0 T-cell activation with ABP or synthetic pAg and of
autologous yd T transfer, negatively impacted further
development of these Vy9Vd2 T-cell-directed cancer
immunotherapeutic approaches.

PRESENT AND FUTURE STUDIES
INVOLVING vd T-CELLS

0 T-Cell-Based Cellular Strategies
Allogeneic Yo T-Cell Transfer

As mentioned above, most ¥d T-cells recognize target cells
independently of HLA antigen presentation, suggesting that
allogeneic donor derived Y0 T-cells can be relatively safe for
ACT due to low risk of graft-versus-host disease (GvHD). Taking
advantage of this, current strategies exploring the use of ex vivo
expanded Y0 T-cell infusion have shifted towards allogeneic
origin (Table 1). Increased frequency of yd T-cells in leukemia
patients that underwent off-depleted allogeneic stem cell
transplantation from partially HLA-mismatched donors, was
associated with a higher 5-year and overall survival (OS) (55,
56). A single infusion of allogeneic Vy9V82 T-cells, expanded ex
vivo with ZOL plus IL-2, is being administered in a clinical trial
(NCT03533816) to maximize antitumor response and reduce
GvHD, after allogeneic hematopoietic cell transplant (alloHCT)
and cyclophosphamide for hematologic malignancies. Moreover,
allogeneic Vy9V82 T-cell infusion after lymphodepletion is being
tested independently of alloHCT for hematologic malignancies
and solid tumors. Some of these studies have already been
completed with no major adverse effects reported, highlighting
the safety of Vy9V42 T-cell transfer (57, 58). Importantly,
patients receiving Vy9V82 T-cell infusion had increased OS
compared to control patients and repeated Vy9Vd2 T-cell
infusions resulted in higher OS when compared to single
infusion. Future approaches are based on allogeneic Yo T-cells
derived from healthy donors, either unmodified or CAR-
transfected (see below) (Table 2).

Application of non-Vy9V32 T-cell subsets, like V&1 T-cells, is
of interest but lagged behind because of lack of proper expansion
protocols. In 2016, Almeida et al. described a 3 week culture
protocol based on stimulation of 3 T-cells from healthy donors
or CLL patients with a combination of cytokines and anti-CD3
monoclonal antibody (mAb) clone OKT-3, resulting in 2000-
fold expansion and 60-80% enrichment of V&1 T-cells (59).
Expanded cells expressed the NK receptors NKp30 and NKp40,
displayed cytotoxic activity, produced IFNYy, TNFo and no IL-17.
Application of this protocol led to the development of different
“delta one T” (DOT) cell products. Gamma Delta Therapeutics
initiated a first-in-human phase I clinical trial in AML patients
after lymphodepletion with fludarabine and cyclophosphamide
(NCT05001451) (Table 1). This study will analyse safety and
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TABLE 1 | Ongoing clinical trials based on 8 T-cells.

Title Intervention Malignancy Organization Phase Initial Date Status Study
Identifier
Allogeneic yd T-cell transfer
TCRaB-depleted Progenitor Cell Graft With Additional HPC-A Infusion (TCRo/  ALL, AML, St. Jude I January 31, Recruiting NCT03849651
Memory T-cell DLI, Plus Selected Use of Blinatumomab, B* and CD19+ depleted) MDS, NK-CL,  Children’s 2019
in Naive T-cell Depleted Haploidentical Donor HL, NHL, Research
Hematopoietic Cell Transplantation for Hematologic JMML,CML Hospital
Malignancies
Ex-vivo Expanded y8 T Lymphocytes in Patients With Ex-vivo expanded AML Wuhan Union September  Recruiting NCT04008381
Refractory/Relapsed Acute Myeloid Leukaemia allogeneic yd T-cells Hospital and 1,2019
from blood of related Jinan
donors University,
China
Expanded/Activated Gamma Delta T-cell Infusion EAGD T-cell infusion AML,CML, University of January 31, Recruiting NCT03533816
Following Hematopoietic Stem Cell Transplantation and ALL, MDS Kansas 2020
Post-transplant Cyclophosphamide Medical
Center and
In8bio Inc.
Allogeneic “Gammadelta T Cells (yd T Cells)” Cell Ex-vivo expanded HCC Beijing 302 August 15,  Recruiting NCT04518774
Immunotherapy in Phase 1 Hepatocellular Carcinoma allogeneic y3-T cells Hospital 2020
Clinical Trial from related donors
Gamma Delta T-cell Infusion for AML at High Risk of AlloHCT + AAPC- AML H. Lee Moffitt /b August 13, Recruiting NCT05015426
Relapse After Allo HCT expanded donor T-cells Cancer 2021
Center and
Research
Institute
Study of GDX012 in Patients With MRD Positive AML GDX012. Allogeneic cell  AML GammaDelta August 13,  Recruiting NCT05001451
therapy enriched for Therapeutics 2021
Vol+ Limited
Allogeneic ¥8 T Cells Immunotherapy in r/r Non- Ex-vivo expanded NHL, PTCL Institute of January 6, Recruiting NCT04696705
Hodgkin’s Lymphoma (NHL) or Peripheral T Cell allogeneic 8 T-cells Hematology & 2021
Lymphomas (PTCL) Patients from related donors Blood
Diseases
Hospital
Safety and Efficiency of 8 T Cell Against Hematological ~ Ex-vivo expanded vd T-  AML, ALL, Chinese PLA 7l September  Recruiting NCT04764513
Malignancies After Allo-HSCT cell infusion MDS General 2021
Hospital
8 CAR-T-cells
Immunotherapy With CD19 CAR y3T-cells for B-Cell Allogeneic y8 CAR-T- RR ALL, CLL,  Beijing Doing October Active, NCT02656147
Lymphoma, ALL and CLL cells (anti-CD19) B-NHL Biomedical 2017 not
Co., Ltd. recruiting
Haplo/Allogeneic NKG2DL-targeting Chimeric Antigen Haploidentical or RR solid CytoMed December  Active, NCT04107142
Receptor-grafted y5 T Cells for Relapsed or Refractory allogeneic V82 CAR-T-  tumors of Therapeutics 1, 2019 not
Solid Tumour cells different types ~ Pte Ltd. recruiting
(anti-NKG2DL) (CTM-
N2D)
A Study of ADI-001 in B Cell Malignancies (GLEAN-1) Lymphodepletion + ADI-  B-NHL Adicet Bio, March 4, Recruiting  NCT04735471
001 (Anti-CD20 yd CAR- Inc 2021
T-cells) in monotherapy
and combined with IL-2
Antibody-based strategies
First-in-Human Study of ICTO1 in Patients With ICTO1. monoclonal Solid Tumor, ImCheck I/ February Recruiting  NCT04243499
Advanced Cancer (EVICTION) antibody targeting Adult Therapeutics 10, 2020
BTN3A Hematopoietic/
Lymphoid
Cancer
Trial With LAVA-051 in Patients With Relapsed/ LAVA-051. Bispecific ¥  CLL, AML, Lava I/ July 12, Recruiting  NCT04887259
Refractory CD1d (Cluster of Differentiation (CD)1d)- T-cell engager MM Therapeutics 2021
Positive CLL, MM, AML
Trial of LAVA-1207 in Patients With Therapy Refractory ~ LAVA-1207. Bispecific Prostate Lava I/lla January 31, Recruiting NCT05369000
Metastatic Castration Resistant Prostate Cancer ¥0 T-cell engager Cancer Therapeutics 2022
(Continued)
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TABLE 1 | Continued

Title Intervention

Alternative vd T-cell-related strategies

Safety of TEGOO01 in patients with r/r AML, high-risk
MDS or MM

Novel Gamma-Delta (y§)T Cell Therapy for Treatment of
Patients With Newly Diagnosed Glioblastoma

TEGOO1
DRI v8 T-cells modified

™Z

A Study to Investigate the Safety and Efficacy of TEG002
TEGO002 in Relapsed/Refractory Multiple Myeloma

Patients

to be resistant to TMZ +

Malignancy Organization Phase Initial Date Status Study
Identifier
RR AML, high- Gadeta B.V. | June 01, Recruiting  NTR6541
risk MDS, MM 2017
Glioblastoma  University of | February Recruiting NCT04165941
multiforme Alabama at 11, 2020
Birmingham
and IN8Bio
Inc.
RR MM Gadeta B.V. May 13, Recruiting  NCT04688853
2021

AAPC, Artificial antigen presenting cell; ALL, acute lymphocytic leukemia; AloHCT, Allogeneic hematopoietic cell transplantation; AML, Acute myeloid leukemia; B-NHL, B cell Non-Hodgkin lymphoma;
CAR, Chimeric antigen receptor; CLL, Chronic lymphocytic leukemia; CML, Chronic myeloid leukaemia; DLI, Donor lymphocyte infusion; DRI, Drug resistant immunotherapy; EAGDT, Expanded/
Activated 6 T-cell; HCC, Hepatocellular carcinoma; HL, Hodgkin lymphoma; HPC-A, Hematopoietic progenitor cells apheresis; HSCT, haematopoietic stem cell transplantation; JMML, Juvenile
myelomonocytic leukemia; MM, Multiple myeloma; MDS, Myelodysplastic syndrome; NHL, Non-Hodgkin lymphoma; NKCL, Natural killer cell leukemia; PBMC, peripheral blood mononuclear cell;
PTCL, peripheral T cell lymphoma. RR, Relapsed/Refractory; TMZ, temozolomide. Initial date, Date of first patient enrolment.

maximum tolerated dose of GDX012 and its effect on minimal
residual disease, progression free survival (PFS) and OS.

Chimeric Antigen Receptor y5 T-Cells

Another therapeutic approach to harness the potent anti-tumor
effects of yd T-cells consists of adoptive transfer of Y3 CAR-T-
cells (60). CARs are chimeric antigen-recognition receptors,
consisting of an ectodomain, which binds a tumor specific cell
surface receptor, and endodomains, consisting of CD3( as the

signaling domain with co-stimulatory domains to provide robust
activation (e.g. CD28, 4-1BB, or ICOS) (61). In recent years,
CAR-T-cell therapy has been extensively investigated in
preclinical and clinical studies, primarily focused on
conventional ofy T-cells (62-64). These autologous CAR-T-
cells have triggered encouraging remission rates in patients
refractory to standard treatments against, in particular, B-
lymphoid malignancies. This resulted in FDA approvals of
CAR-T-cell therapies for the treatment of B-cell NHL, ALL,

TABLE 2 | Companies developing yd T-cell-based or y8 T-cell-engaging therapies.

Organization 0 T-cell subtype

Approach

¥d T-cell-based therapy

Acepodia information not available
Adicet Bio Va1

Expression Therapeutics Vo2

GammaDelta Therapeutics (acquired by Va1

Takeda)

Immatics information not available

IN8bio (previously Incysus Therapeutics) V82
Kiromic BioPharma information not available

Allogeneic mAb-conjugated yd-cells

Allogeneic y6 CAR-T-cells

Allogeneic y6 CAR-T-cells

Allogeneic unmodified or engineered V§1* T-cells

Allogeneic y6 CAR-T-cells
Expanded y8 T-cells engineered to achieve drug resistant immunotherapy (DRI)
Allogeneic y6 CAR-T-cells genetically engineered using ABBIE non-viral gene editing

technology

PersonGen BioTherapeutics information not available
TC BioPharm V81/NV&2

One Chain Immunotherapeutics Va1

Beroni group information not available

Allogeneic universal CAR (UCAR) based yd-cells

Allogeneic unmodified yd—cells or engineered v CAR-T-cells
Expanded allogeneic V81" T-cells for ACT

Allogeneic y6 ACT

73 T-cell-based antibody therapy

Organization
Adaptate Biotherapeutics (acquired by Va1

¥ T-cell subtype

Takeda)

ImCheck Therapeutics Vo2
LAVA Therapeutics Vo2
PureTech Health Va1
Shattuck Labs Vo2

Approach

V&1 bispecific T-cell engagers

mADbs targeting BTN isoforms to modulate v T-cell activation

V82 bispecific T-cell engagers

mADb against V31 to induce pro-tumoral V1 T-cell kiling

Recombinant proteins containing heterodimeric BTN extracellular domains and a tumor

targeting scFv
Other 6 T-cell-based therapies

Organization
American Gene Technologies Vo2

v8-T-cell subtype

Approach

Lentivirus to increase pAg levels in tumor cells

ACT, Adoptive cell transfer; bsTCE, bispecific T cell engager; bsVHH, bispecific Variable Heavy chain-only antibody; BTN, Butyrophilin; CAR, Chimeric antigen receptor; mAb, monoclonal

antibody; pAg, phosphoantigen; scFv, Single chain variable fragment.
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and MM (65-69). The remarkable success of CAR-T-cell therapy
revolutionized the field of adoptive cell therapy for treating
hematologic malignancies and resulted in numerous ongoing
clinical trials. However, CAR-T-cell therapy can be complicated
by severe, potentially life-threatening, toxicities such as cytokine
release syndrome (CRS), immune effector cell-associated
neurotoxicity syndrome (ICANS) and other ‘on-target off-
tumor’ toxicities (70). Moreover, in contrast to the results seen
in hematologic malignancies, only limited antitumor effects have
been obtained in patients with solid tumors.

It was hypothesized that the efficacy of CAR-T-cells could be
improved and its side effects mitigated by harnessing the innate
properties of yd T-cells as a backbone for CAR. CAR-modified Yo
T-cells were first described by Rischer et al. (71), demonstrating
specific in vitro tumor cell lysis using ZOL-expanded Vy9V2 T-
cells with CD19- or GD2-directed CARs, followed by other
studies confirming these findings using Yy T-cells containing
CARs against a variety of targets (72-77). Interestingly, CAR-
modified Vy9V32 T-cells maintained their ability to cross-
present tumor antigens to off T-cells in vitro, which may
prolong the anti-tumor efficacy (76). Furthermore, y§ T-cells
bearing a CD19-CAR, unlike standard CD19-a3 CAR-T-cells,
had reactivity against CD19-positive and negative tumor cells in
vitro and in vivo, an effect that was enhanced by ZOL (78),
suggesting that CD19-directed yd0 CAR-T-cells may target
leukemic cells also after antigen loss and retain pAg specificity
via their TCR. More recently, Wallet et al. described the
generation of induced pluripotent stem cell-derived Y0 CAR-T-
cells (Y8 CAR-iT) (79). They demonstrated sustained in vitro
tumor cell killing by y8 CAR-iT-cells in the presence of IL-15,
with markedly less IFN-y and other inflammatory cytokines
being produced compared to conventional afi CAR-T-cells,
potentially resulting in lower risk of CRS. Moreover, a single
dose of ¥ CAR-iT-cells resulted in potent tumor growth
inhibition in a xenograft mouse model (79). Table 2
summarizes the companies currently developing Y0 CAR-T-cells.

Pre-clinical research on yd CAR-T-cell based therapy initially
focused on Vy9VE2 T-cells, due to their dominant frequency in
blood and their unique pAg response that allowed the specific
expansion of this subset (80). Makkouk et al. recently showed the
first example of genetically modified V81 T-cells. They expanded
PBMC-derived V81 T-cells using an agonistic anti-V81 antibody
and genetically modified them to express a GPC-3 targeted CAR
and to secrete IL-15 (81). In a HepG2 mouse model, these
allogeneic V81 CAR-T-cells primarily accumulated in the
tumor and a single dose efficiently controlled tumor growth
without evidence of xenogeneic GvHD. ADI-001 consists of
CD20-targeting V81 CAR-T-cells generated by a similar
procedure by Adicet Bio (82) and is currently being used in a
phase I clinical trial (NCT04735471). Recently reported interim
data from this dose-escalation study showed complete responses
in two and a partial response in one out of four evaluable patients
already with low doses (30x10° cells) of ADI-001, indicating that
relatively low amounts of yd T-cells may suffice for activity (press
release). To date, no dose-limiting toxicities, GYHD, or grade 3 or
higher CRS has been reported. These encouraging first results

underscore the potential of V81 CAR-T-cell therapy in the clinic.
A complete overview of the ongoing clinical trials evaluating
CAR-modified Y0 T-cells is listed in Table 1.

Antibody-Based Strategies

Imcheck develops ICT01, a Vy9V32 T-cell activating humanized
IgG1 with a silent Fc that binds to all three BTN3A isoforms to
trigger Vy9V82 T-cell activation and increased cytotoxicity against
BTN3A" tumor cell lines from diverse origin (21). However, this
approach is not tumor specific as BTN3A is broadly expressed and
could also be hampered by soluble BTN3A molecules potentially
acting as decoy receptors (83). In immunodeficient NSG mice,
treatment with ICTO1 resulted in in vivo activation of adoptively
transferred human Vy9V82 T-cells and delayed outgrowth of the
AML cell line MOLM14 (84). The EVICTION trial is a Phase I/ITa
clinical trial currently testing the effect of ICTO1 in relapsed/
refractory advanced-stage hematologic malignancies as a
monotherapy and in a broad range of solid tumors as
monotherapy or in combination with pembrolizumab
(NCT04243499). Preliminary results show a good safety profile
with activation of Vy9V32 T-cells and increased tumor infiltration
in one melanoma patient. Stable disease has been achieved in 31% of
patients treated with ICT01 as a monotherapy and in 62% in
combination with pembrolizumab (84).

BsTCEs have emerged as a promising therapeutic approach
for immune-oncology (85) and consist of a tumor antigen
binding antibody linked to a T-cell engaging antibody
fragment aiming to crosslink tumor cells and T-cells to elicit
T-cell-mediated anti-tumor cytotoxicity (86, 87). Most efforts to
generate bsTCEs have made use of CD3 as a T-cell engaging
domain due to its role in T-cell activation. For CD3-based TCEs,
proteins that are uniquely expressed or specifically overexpressed
by tumor cells are the most attractive candidates for targeting, as
this reduces on-target off-tumor toxicity. After approval of the
CD19-CD3 bsTCE blinatumomab (88), multiple CD3-directed
TCEs have been developed (89), but in many cases development
has been complicated by the occurrence of adverse events such as
on-target oft-tumor toxicity, CRS or ICANS, highlighting the
need for more tumor-selective targeting (90-92). Considering
the clinical safety observed following systemic yd T-cell
activation and Y T ACT, specific engagement of ¥d T-cells
using Y0 bsTCEs might have an improved safety profile due to
their tumor selectivity compared to CD3-bsTCEs. By avoiding
detrimental co-activation of regulatory CD3" T-cells observed
with CD3 pan T-cell engagers (93) and their ability to bridge and
engage components of both the innate and adaptive immune
system, Y0 bsTCEs could potentially result in increased
antitumor activity.

Several 0 T-cell engaging formats are being developed and
evaluated preclinically. Vy9-TCR specific engagers directed
against Her2 (94-96) and CD123 (97) were shown to cause
killing of Her2 expressing cell lines and AML cell lines,
respectively. The GADLEN platform (Shattuck Labs) consists
of fusion proteins containing BTN heterodimers, to engage and
activate Vy9Vd2 T-cells, bound to a tumor targeting scFv
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domain through an Fc linker (98). V81 bsTCEs are also being
developed by Adaptate Biotherapeutics. Heavy chain only
antibodies occur naturally in camelids (99). Their antigen-
binding fragments or variable heavy chain-only antibodies
(VHH), are small, stable and with low inherent
immunogenicity (100, 101). Lava Therapeutics' GammabodyTM
platform combines V§2-specific and tumor-targeting VHHs as
modules to generate bsTCE (102-105). In pre-clinical studies,
Gammabody " molecules targeting CD40, CD1d and EGFR
efficiently engage Vy9V2 T-cells to kill tumor cells expressing
these antigens (102-105). Two GammabodyTM molecules, are
currently evaluated in clinical trials. LAVA-051, a
Gammabody'" targeting CD1d is tested in a Phase 1/Ila
clinical trial (NCT04887259) in patients with therapy-
refractory CLL, AML or MM. Preliminary data of the first 3
cohorts from this study showed a thus far good safety profile with
no dose-limiting toxicities or CRS. In addition, LAVA-1207, a
Gammabody ' targeting PSMA is tested in a phase I/IIa clinical
trial (NCT05369000) in patients suffering from therapy-
refractory metastatic castration-resistant prostate cancer.
Table 2 summarizes companies developing antibody-based Yo
T-cell therapies, and Table 1 contains clinical trials involving
antibody-based yd T-cell approaches.

Alternative yd T-Cell-Related Strategies

A new 0 T-cell based approach being tested in clinical trials is
DeltEx drug-resistant immunotherapy (DRI). IN8Bio's first
DeltEx DRI product, INB-200, consists of expanded autologous
VY9V32 T-cells genetically modified to express a methylguanine
DNA methyltransferase (MGMT). MGMT confers them
resistance to temozolomide (TMZ) allowing for simultaneous
treatment with TMZ and immunotherapy (106). TMZ, which is
the current standard of care for glioblastoma multiforme (GBM)
together with radiotherapy after resection, might sensitize tumor
cells to O T-cell recognition through upregulation of NKG2D
ligands but it also causes lymphocytopenia that is avoided by
MGMT expression (107). An ongoing clinical trial
(NCT04165941) is testing intracranial administration of INB-
200 to the tumor site after surgical resection, followed by TMZ
treatment (Table 1). All 4 GBM patients enrolled in this study
have been reported to exceed the expected PFS for TMZ alone
treatment. This technology is based on expansion and
modification of autologous Y0 T-cells, however, other DeltEx
DRI based on allogeneic ¥ T-cells (INB-400) and Y0 CAR-T-
cells (INB-300) are being developed.

Interestingly, although V81" T-cells have cytotoxic capacity,
V31" TIL associate with poor prognosis in certain malignancies,
possibly through production of IL-17 (6, 32). LYT-210 is a mAb
directed towards the V81" TCR with the aim of eliminating these
pathogenic cells (Table 2). Gamma-delta TCR bispecific
molecules (GABs) combine the extracellular domain of the
Vy9V82 TCR fused with a CD3 binding domain, allowing
conventional T-cells to recognize the presence of pAg on
tumor cells (108). In the presence of GABs, oy T-cells
recognized and killed the squamous cell carcinoma cell line
SCCY in a pAg dependent manner and produced increased

amounts of IFNy when exposed to patient-derived AML blasts
but not with healthy hematopoietic cells indicating preferential
recognition of tumor cells.

Two phase 1 dose-escalation clinical trials (NCT04688853;
NTR6541) initiated by Gadeta are assessing the safety and
tolerability of ofy T-cells engineered to express a defined
Vy9Vd2 TCR (TEGs) in relapsed/refractory AML, MM, and
high-risk myelodysplastic syndrome patients. These T-cells
combine the tumor specificity of ¥d T-cells with the tumor cell
killing potential of of T-cells and show promising antitumor
reactivity both in vitro and in vivo. Furthermore, chimeric PD-1
receptor (chPD1) yd T-cells, turn PD-1 immune suppression into
T-cell activation (109). The chPD1 yd T-cells selectively killed
PD-L1" tumor cells in a xenograft murine model, without lysis of
normal PD-L1" cells or significant elevation of CRS-related
cytokines. The authors reported that chPD1 yd T-cell therapy
will be assessed in a phase I/II clinical trial.

CONCLUSION

Past clinical trials have demonstrated that systemic activation of
VY9VE2 T-cells or adoptive transfer of autologous Vy9VE2 T-cells
were well tolerated and could trigger antitumor immunity. These
studies have been followed by a number of trials based on Vy9V32
and the first study with V31 allogeneic T-cell transfer, which would
allow for donor-derived therapies. Up to this date, these trials have
not resulted in major adverse effects. Most strategies that are
currently under evaluation profit from the safety of yd T-cell
activation and incorporate tumor-targeting mechanisms, e.g. CARs
or bsTCEs, which might be key to obtain more robust and consistent
clinical responses. Initial results from these targeted approaches, both
cell and antibody-based, show great promise and confirm the safety
of Vy9V32 and V381 T-cell-based strategies. However, cell-based
products present challenges that are not shared by antibody-based
therapies, such as high cost, difficulty of production or need of
specialized facilities, and preparatory lymphodepleting
chemotherapy regimens. In the near future, the results obtained by
the trials described in this review will determine whether the potential
of 3 T-cells can be translated into clinical benefit.
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Although yo-T cell-based tumor immunotherapy using phosphoantigens to boost y3-T cell
immunity has shown success in some cancer patients, the clinical application is limited
due to the rapid exhaustion of Vy9Vé2-T cells caused by repetitive stimulation from
phosphoantigens and the profoundly immunosuppressive tumor microenvironment
(TME). In this study, using a cell culture medium containing human and viral interleukin-
10 (hIL-10 and vIL-10) secreted from EBV-transformed lymphoblastoid B cell lines (EBV-
LCL) to mimic the immunosuppressive TEM, we found that the antitumor activity of
VYOVa2-T cells was highly suppressed by endogenous hiL-10 and vIL-10 within the TME.
CD137 costimulation could provide an anti-exhaustion signal to mitigate the suppressive
effects of IL-10 in TME by suppressing IL-10R1 expression on Vy9Vé2-T cells. CD137
costimulation also improved the compromised antitumor activity of Vy9Vé2-T cells in TME
with high levels of IL-10 in Rag2” yc”~ mice. In humanized mice, CD137 costimulation
boosted the therapeutic effects of aminobisphosphonate pamidronate against EBV-
induced lymphoma. Our study offers a novel approach to overcoming the obstacle of
the hIL-10 and vIL-10-mediated immunosuppressive microenvironment by costimulating
CD137 and enhancing the efficacy of ¥6-T cell-based tumor therapy.

Keywords: CD137, v3-T cells, antitumor acitivity, IL-10, imnmunotherapy

INTRODUCTION

Epstein-Barr virus (EBV) is a predominant type of human herpesviruses. It infects over 95% of the
population by adulthood (1, 2). EBV infection is highly correlated with several human malignancies
(1-3). As the first known human tumor virus, the carcinogenesis of EBV has been identified in
various hematopoietic and epithelial cell cancers, including EBV-associated tumors and
lymphoproliferative disorder (1, 2, 4). Current therapeutic approaches for EBV-associated
tumors are restricted by undesirable side effects and ineffectiveness for refractory or relapsed
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diseases (5, 6). It was reported that EBV-specific CTL-based
therapy is effective in the control of EBV-associated malignancy
(5, 6). However, its clinical application is hampered due to
insufficient quantity of EBV-specific CTL generated ex vivo (7).

As a major subset of human ¥8-T cells, VY9V32-T cells have
been extensively demonstrated to have promising anti-tumor
effects (8-13). Vy9V2-T cells can be activated specifically by
phosphoantigens from isoprenoid biosynthesis in an MHC-
unrestricted manner. Aminobisphosphonates pamidronate
(PAM) and zoledronate (ZOL) are commonly used
pharmacological phosphoantigens for osteoporosis and Paget’s
disease treatment (11, 14). Previously, we demonstrated that
direct administration of PAM could expand Vy9V&2-T cells in
vivo and thus control EBV-induced lymphoma in humanized
mice, suggesting that VyoV82-T cell-based immunotherapy is
promising for treating EBV-associated tumors (15). A recent
meta-analysis of about 18,000 human cancers revealed that
tumor-infiltrating Y0 T cells are the most favorable cancer-wide
prognostic marker (16). However, the clinical application was
limited by the rapid exhaustion of Vy9V82-T cells caused by the
repetitive stimulation from phosphoantigens in vivo (17) and the
profoundly immunosuppressive tumor microenvironment
(TME) (18-20).

Interleukin (IL)-10, as a major immunosuppressive cytokine
in TME secreted by tumor cells, can help tumor cells escape
immunological recognition and destruction (21-24). Current
evidence indicates that EBV codes a homologue of human IL-
10 (vIL-10) with immunosuppressive properties to evade
immunity and establish persistent/latent infections (25-28).
EBV-LCL also express and release various amounts of human
IL-10 (hIL-10) (29, 30). hIL-10 and vIL-10 are crucial for B cell
transformation of B cell (31, 32) and oncogenesis of EBV-
associated tumors (33). However, whether the antitumor
activity of VY9VO82-T cells was suppressed by IL-10 in TME
remained largely unknown.

CD137 (4-1BB), a membrane-bound receptor, is a
costimulatory molecule expressed in many lymphocytes (34-
36). Recently, we demonstrated that CD137 costimulation
enhanced the activation and cytolytic activity of Vy9V2-T
cells against virus-infected cells (37). Importantly, boosting
cancer immunotherapy with agonistic CD137 antibodies has
been demonstrated to be a promising therapeutic strategy for
different tumors (38, 39). However, the roles of CD137 signaling
for human Vy9V82-T cells in the immunosuppressive TME
remained to be determined.

In this study, we aim to clarify whether IL-10 in the TME is
responsible for the exhaustion of VY9V82-T cells and determine
whether targeting CD137 can enhance the antitumor activity of
VY9V32-T cells compromised by the immunosuppressive TME.

MATERIALS AND METHODS

Vy9V62-T Cell Cultures
hPBMC were isolated from buffy coats by Ficoll-Hypaque
gradient centrifugation of EBV™ healthy donors after informed

consents were obtained. PAM-expanded Vy9V82-T cells were
prepared according to the protocol we established before (40).
Briefly, hPBMC were cultured in RPMI1640 medium with 10%
fetal bovine serum (FBS) in the presence of PAM from day 0 to
day 3 at a concentration of 9ug/ml. Recombinant human IL-2
was added to medium from day 3 to day 14 at a concentration of
500 IU/ml. After 2 weeks, the ¥3-T cells were purified by positive
selection with o-TCRY/8 MicroBead (Miltenyi Biotec).

Cytotoxic Assay

Purified VY9V&2-T cells were cultured with IL-10'"" or IL-10""
conditioned medium for 24h, RPMI 1640 with 10% FBS medium
(plain medium, PM) as a control. The pretreated Vy9V32-T cells
(effector cells, E) were cocultured with autologous EBV-LCL
(target cells, T) at an E: T ratio of 10:1 for 4 to 6 h in the IL-
10°"™8" CM or PM, and then the death of target cells was
analyzed with flow cytometry. Cells were stained with anti-CD3 to
identify Vy9V82-T cells and propidium iodide (PI) was used to
identify dead cells. The death of EBV-LCL was shown as the
percentage of PI" cells in the CD3" population (40). In some
experiments, neutralizing antibody against IL-10 (abcam) was
added to block IL-10 mediated pathways. To confirm the
suppressive role of IL-10 in the CM, recombinant hIL-10
(Peprotech) or recombinant vIL-10 (R&D systems) was added
to culture medium at the indicated concentration.

Establishment of EBV-LCL

EBV-secreting cell lines B95-8 and B95.8EBfaV-GFP were
cultured and EBV-containing supernatants were collected for
the following infection. hPBMC were incubated with EBV-
containing supernatants, and then cultured in the RPMI 1640
medium containing 15% FBS with the addition of cyclosporine-
A (1ug/ml) as we describe before (15).

Collection of EBV-LCL

Conditioned Medium

EBV-LCL were cultured in RPMI1640 medium for 24 h. The
conditioned medium (CM) was collected, centrifuged at 5000 rpm
at 4°C for 10 min to remove cell debris and then frozen at —80°C in
aliquots. Stored CM was passed through a 0.22-pum syringe filter
(Millipore) before use. Plain medium (PM) collected from
complete medium without cell incubation under the same
experimental conditions served as the control for CM.

Determination of hiL-10 and vIL-10 Levels

For hIL-10, the concentrations in conditioned medium were
measured by ELISA. The procedures for human IL-10 ELISA kits
(Biolegend, San Diego, CA, USA) were performed based on the
manufacturer’s instructions. For vIL-10, the concentrations in
conditioned medium were measured according to the method
described before (41). The conditioned medium was
concentrated by Amicon-Ultra centrifugation filters (Millipore)
following the manufacturer’s instructions. Then, the
concentrated conditioned medium was used for performing
Western blot assay. Mouse monoclonal antibody against vIL-
10 (R&D) was used as primary antibody for incubating
transferred membranes at 4°C overnight. Horseradish peroxide
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conjugated goat anti-mouse secondary antibody (R&D) was used
as secondary antibody for detecting vIL-10 levels. The bands of
Western blot were quantified by “Gels” analysis tool of Image].
Recombinant vIL-10 was used as a standard to quantify the vIL-
10 level in conditioned medium.

Establishment and Treatment of EBV-
Associated Lymphoma in Mice

All animal studies were approved and performed in compliance
with the guidelines for the use of experimental animals by the
Committee on the Use of Live Animals in the Teaching and
Research, the University of Hong Kong. Rag2™~yc™'~ mice were
bred in Centre for Comparative Medicine Research of the
University of Hong Kong. Humanized mice were generated
according to the protocol we established before (14, 15).
Rag2'"yc~ or humanized mice were inoculated with EBV-
LCL expressing high or low level of IL-10 (0.1x10°/mouse) by
subcutaneous injection to establish the EBV-associated
lymphoma model. For Rag2™'yc”’~ mice, PAM-expanded
VYOV&2-T cells (5x10°/mouse) with or without the addition of
SA-hCD137L (5ug/mouse) were adoptively transferred
intravenously into EBV-associated lymphoma murine model at
indicated time. For humanized mice, PAM (5mg/kg body
weight) and SA-hCD137L (15ug/mouse) were injected
intraperitoneally at the indicated time. The mice treated with
an equivalent volume of PBS or SA were used as controls. The
tumor volume and mice survival were monitored every day and
calculated at the indicated time. Mice were counted as dying
when their subcutaneous tumor diameter was larger than 17 mm
and thus sacrificed according to the regulation of Centre for
Comparative Medicine Research of the University of Hong
Kong. Otherwise, mice were monitored for 100 days before
being sacrificed. The tumor tissues were reserved for
immunohistochemical evaluation.

Preparation of the Recombinant
SA-hCD137L Protein

Recombinant SA-hCD137L proteins were generated as described
before (37). Briefly, the DNA sequences were synthesized
encoding the extracellular domain of human CD137L (a.a. 58-
254) and the core streptavidin (SA; a.a. 16-133) with an N-
terminal 6xHis tag. The recombinant SA-hCD137L protein was
expressed in E. coli by inserting the SA-hCD137L DNA
fragments into the pETH expression vector and transforming
into competent cells. After purifying with Ni-nitrilotriacetic acid
affinity chromatography (QIAGEN, Germany), the recombinant
SA-hCDI137L protein was filtered a and quantitated by BCA
Protein Assay Kit (Pierce, USA).

Flow Cytometric Analysis

Cells were stained for surface molecules with the following
antibodies: oIL10R (Miltenyi Biotec, clone REA239), aCD3
(Biolegend, clone HIT3a), aTCRY9 (Biolegend, clone B3),
oTCRV®2 (Biolegend, clone B6), and aCD137 (Biolegend,
clone 4B4-1). All samples were performed with a FACS LSR II
(BD). The results were analyzed with FlowJo software.

Histological Staining and
Immunohistochemical Assays

The tumor tissues were fixed with 10% formalin for 24 h and
maintained in 70% ethanol. Fixed tumor tissues were embedded in
paraffin and sectioned. The tumor sections were performed
immunohistochemistry staining with oIL-10 antibody (abcam) (42).

Statistics

Data are shown in the form of mean + standard error of the mean
(SEM). All data were tested by Shapiro-Wilk test to verify the
normality. For data that did not meet normal distribution, Mann-
Whitney U test was used for analysis. For data that met normal
distribution, one-way analysis of variance (ANOVA) with
Bonferroni correction was used for analysis. For multiple
variables, two-way ANOVA was used. Kaplan-Meier log-rank test
was used for comparing survival among different groups. Two-tailed
test was used for all analyses. P < 0.05 was regarded as significant.

RESULTS

Antitumor Activity of VY9Vs2-T Cells

Was Inhibited by IL-10 Secreted From
EBV-LCL In Vitro

To investigate the effects of IL-10 in TME on the antitumor activity
of VY9V82-T cells, conditioned medium (CM) was obtained by
collecting the supernatant of EBV-LCL culture for modeling TME
in vitro. As shown in Figure 1A, CM from EBV-LCL culture
established from different donors contained distinct levels of IL-10,
and vIL-10 accounted for about 9.56 + 5.74% of total IL-10. CM
collected from EBV-LCL1 and EBV-LCLS6, which contained the
lowest and highest concentrations of IL-10, was used as IL-10""
CM and IL-10™€" CM, respectively, in the following experiments.
Importantly, the cytotoxic activity of IL-10"¢" CM-treated
VY9VE2-T cells against EBV-LCL was significantly lower than
IL-10"" CM- or PM-treated VYOV&2-T cells (Figure 1B). To verify
the immunosuppressive role of IL-10 in the CM, an IL-10
neutralizing mAb was applied to block IL-10 signaling during
VY9VS2-T cells exposed to IL-10M8"1 CM. The reduced
cytotoxicity of Vy9V82-T cells against EBV-LCL was significantly
abrogated when blocked with the IL-10 neutralizing mAb
(Figure 1C). Furthermore, both hIL-10 and vIL-10 recombinant
proteins showed dose-dependent inhibitions in the cytotoxicity of
VY9VE2-T cells against EBV-LCL in the PM (Figures 1D, E).
Taken together, our data indicate that the antitumor activity of
VY9V 82-T cells against EBV-LCL was suppressed by both the hIL-
10 and vIL-10 in the CM from EBV-LCL in vitro.

Antitumor Activity of Vy9Vé2-T Cells
Against EBV-Induced Lx_mphoma Was
Decreased Under IL-10"¢" TME In Vivo

To determine whether the therapeutic effects of Vy9V32-T cells
on EBV-induced B cell lymphoma were inhibited by IL-10 within
the TME, EBV-LCLI expressing low levels of IL-10 (IL-10""
LCL) and EBV-LCL6 expressing high levels of IL-10 (IL-10""
LCL) were inoculated into Rag2”™ yc’~ mice, respectively
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FIGURE 1 | Antitumor activity of Vy9V&2-T cells was inhibited by IL-10 secreted from EBV-LCL in vitro. (A) The concentration of vIL-10 and total IL-10 in conditioned
medium (CM) collected from EBV-LCL established from difierent donors were detected. (B) Purified VyoVa2-T cells were pretreated in the IL-10°" CM and IL-10"9" CM
separately for 24 h, RPMI 1640 with 10% FBS medium (plain medium, PM) as a control. Pretreated VyOV82-T cells then cocultured with autologous EBV-LCL at an effector:
target (E:T) ratio of 10:1 for 4-6 h in the IL-10°"/"9" CM and PM, respectively. Cytotoxicity was calculated as the proportion of dead EBV-LCL (CD3PI*). (C) Purified
VYOVS2-T cells were pretreated with IL-1 0°" CM, IL-10"9" CM or PM in the presence of a neutralizing anti-IL-10 mAb (odL-10, 5ug/ml) or isotype control (MIgG1, Sug/ml),
then cocultured with autologous EBV-LCL at an E:T ratio of 10:1 for 4-6 h in the IL-1 QewMigh G\ and PM respectively. Cytotoxicity was calculated as the proportion of
dead EBV-LCL (CD3" PI). (D, E) Purified VyQV&2-T cells were pretreated with recombinant hiL-10 (D) or viL-10 (E) at different concentration, then cocultured with
autologous EBV-LCL at an E:T ratio of 10:1 for 4-6h. The proportion of dead EBV-LCL (CD3" PI*) were detected by flow cytometry. All data are shown as mean + SEM
and representative of three independent experiments. *p < 0.05; *p < 0.01; ns, no significant difference.

(Figure 2A). After 21 days, large subcutaneous tumors developed
in all the mice as detected by in vivo imaging (Figures 2B, C).
The expressions of IL-10 in the tumor tissues generated from IL-
10'°Y LCL and IL-10"#" LCL were detected by
immunohistochemistry (Figure 2D). Consistent with our
previous results (15), Vy9V32-T cell treatment constrained
tumor growth and prolonged the survival of tumor-bearing
mice in contrast with the mice treated with PBS as the control
(Figures 2E, F). Importantly, VY9V32-T cells showed less
efficacy in controlling EBV-induced lymphoma developed
from IL-10"8" LCL compared with that developed from IL-
10" LCL, along with larger tumor volume and lower survival
rates (Figures 2E, F). These results suggest that the decreased
antitumor activity of Vy9V&2-T cells against EBV-induced
lymphoma may be associated with IL-10"" TME in vivo.

CD137 Costimulation Suppressed IL-10R1
Expression and Restored the Antitumor
Activity of Vy9V52-T Cells

IL-10 mediates its biological effects mainly through a
heterodimeric membrane receptor composed of IL-10R1 and

IL-10R2 (43). Since IL-10R2 is shared by more than five IL-10
family cytokines (44), we investigated the expression of IL-10R1
on VYOV&2-T cells exposed to the IL-10"€" CM upon y5-TCR
activation in vitro. Importantly, we found that following
activation, IL-10R1" Vy9V32-T cell subset expressed high
levels of CD137 compared with IL-10R17"° Vy9V&2-T cell
subset in the IL-10"" CM, indicating that CD137 could be an
effective costimulatory signaling to restore the antitumor activity
of Vy9Vd2-T cells compromised by the IL-10 in TME
(Figures 3A, B).

To determine whether CD137 costimulation could provide an
anti-exhaustion signal to mitigate the inhibiting effects mediated
by IL-10 in TME, a recombinant SA-hCDI137L protein
containing a core streptavidin (SA) molecule with the
extracellular domains of human CD137L (hCD137L) was
generated as we reported previously (37). We found that the
addition of the recombinant SA-hCD137L protein significantly
inhibited the surface expression of IL-10R1 in total and CD137"
VY9V2-T cells in IL-10"" CM in terms of both percentage and
expression level (MFI) changes (Figures 3C-E). These results
indicate that CD137 costimulation suppressed IL-10R1
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expression in CD137" Vy9V32-T cells, and thereby was able to
reduce their sensitivity to endogenous IL-10 in the
immunosuppressive TME.

To determine whether CD137 costimulation could rescue the
impaired antitumor efficacy of Vy9V82-T cells in suppressive
TME, the recombinant SA-hCD137L protein was added to the
coculture of VY9V&2-T cells with EBV-LCL in IL-10"" CM for
mimicking the tumor milieu. As shown in Figure 3F, the SA-
hCDI137L protein significantly increased the cytotoxicity of
Vy9V2-T cells against EBV-LCL under both the
immunosuppressive and normal microenvironments mimicked
by the IL-10™¢" CM and the PM. Importantly, CD137
costimulation not only completely restored the reduced
cytotoxicity of VY9V&2-T cells in the IL-10"€" CM to normal
levels, but also had a better effect to enhance the cytotoxic activity
of VY9V &2-T cells in IL-10"8" CM than that in PM (Figure 3F).
These data demonstrate that CD137 engagement enables
Vy9VE2-T cells to withstand the hostile environment mediated
by endogenous IL-10, resulting in the increase of the antitumor
activity of Vy9V82-T cells in vitro.
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analysis, and mice survival was compared using Kaplan-Meier log-rank test. Data are representative for three independent experiments. *p < 0.05; **p < 0.01; ns, no

CD137 Costimulation Enhanced the
Compromised Antitumor Activity of
Vy9V&2-T Cells With IL-10"9" TME in
Rag2”” yc™~ Mice

Previously we have demonstrated that Vy9V82-T cells could
control EBV-inducing lymphoma (15), and their antitumor
activity in controlling EBV-induced lymphoma developed from
IL-10"€" LCL was lower than that developed from IL-10"" LCL
(Figures 2E, F). To further elucidate the roles of CD137
costimulation in the compromised antitumor activity of Vy9V2-
T cells in IL-10"" TME in vivo, EGFP-expressing IL-10"¢" LCL
was inoculated in Rag2”” yc¢”™ mice, s.c. (Figure 4A). Twenty-one
days later, mice bearing subcutaneous tumors were randomly
divided into three groups as detected by in vivo imaging
(Figure 4B). No significant differences were found in fluorescent
density from tumor cells among the three groups after 21 days of
tumor cell inoculation (Figure 4C). PAM-expanded Vy9V52-T
cells were adoptively transferred to one group of the tumor-bearing
mice with the recombinant SA-hCD137L protein weekly from day
21 to day 42. The other two groups of mice were adoptively
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transferred with Vy9V2-T cells in the presence of PBS or SA as the
controls. Importantly, Vy9V82-T cells in combination with SA-
hCD137L treatment significantly limited tumor growth
(Figure 4D) and improved mouse survival (Figure 4E) compared
to treatments of Vy9V82-T cells with PBS or SA. These data indicate
that the costimulation of CD137 efficiently enhanced the antitumor
activity of Vy9V82-T cells in the highly immunosuppressive
microenvironment mediated by IL-10 in vivo.

CD137 Costimulation Improved the
Therapeutic Effect of PAM in Controlling
EBV-Induced Lymphoma With IL-10"9"
TME in Humanized Mice

Previously we had demonstrated that PAM could expand Vy9V82-T
cells in vivo to control EBV-induced lymphoma in humanized mice
with functional hAPBMC (15). We then investigated the role of CD137
costimulation on the therapeutic effect of PAM in controlling EBV-
induced lymphoma with IL-10"¢" TME in humanized mice. EBV-
induced lymphoma with IL-10"8" TME model was generated by

inoculation s.c. of IL-10"8" EBV-LCL in humanized mice
(Figure 5A) (15). All humanized mice developed subcutaneous
tumors after IL-10"8" EBV-LCL inoculation for 28 days with
similar fluorescent density from tumor cells as detected by in vivo
imaging (Figures 5B, C). PAM, SA-hCD137L, or the combination of
these two agents were injected intraperitoneally (i.p.) at days 28, 35,
42,and 49 after IL-10"8" EBV-LCL inoculation (Figure 5A). PBS-
and SA-treated mice were controls. As a result, PAM administration
alone decreased the tumor volume significantly and extended the
survival of the tumor-bearing humanized mice compared with the
treatment with PBS, SA, or SA-hCD137L protein alone, respectively
(Figures 5D, E). Importantly, the combination treatment of PAM
with SA-hCD137L was more potent than PAM alone to control the
development of EBV-induced lymphoma with IL-10"8" TME in
humanized mice, in terms of tumor growth and survival
(Figures 5D, E).

Humanized mice reconstituted with Vy9V82-T-cell-depleted
hPBMC were also used to confirm whether the effect of SA-
hCD137L costimulation on the control of EBV-induced
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lymphoma with IL-10"8" TME was mediated by Vy9V&2-T cells
(Figure 5A). As shown in Figures 5D, E, there were no
therapeutic effects by the combination treatment of PAM with
SA-hCD137L in humanized mice reconstituted with Vy9V$2-T-
cell-depleted hPBMC. These data demonstrate that the
recombinant SA-hCDI37L protein had a synergistic effect
with PAM to overcome the barriers of IL-10"8" TME in vivo
and this synergistic effect was mainly mediated by Vy9Vd2-
T cells.

DISCUSSION

In this study, we demonstrated that the antitumor activities of
VY9V82-T cells against EBV-LCL were inhibited by both hIL-10
and vIL-10 in vitro and in vivo. Importantly, we found that IL-
10R1 was highly expressed on CD137" Vy9V82-T cells
compared to CD1377° Vy9V&2-T cells following activation.
CD137 engagement significantly suppressed IL-10R1
expression in VY9V32-T cells, therefore reducing the Vyova2-
T cells’ sensitivity to IL-10 in the TME. We further demonstrated
that SA-hCD137L in a tetrameric form of human CD137L
protein obviously enhanced the therapeutic effects of adoptive
transfer of ex vivo expanded Vy9V&2-T cell in Rag2”yc”~ mice
and direct administration of PAM in humanized mice for the
treatment of EBV-induced lymphoma with IL-10"8" TME.

IL-10 is important as an immunoregulatory cytokine to
suppress inflammatory responses. However, its effects on
tumorigenesis and development are controversial (45). IL-10
can inhibit the process of antigen presentation by
downregulating the expression of MHC-II in APCs (46) and
MHC-I in tumor cells (47). Thus, IL-10 can facilitate tumor
escape by contributing to an immunosuppressive environment.
A meta-analysis of 1788 cancer patients also revealed that the
elevated serum IL-10 can predict poor prognosis (48).
Paradoxically, it was reported that IL-10 can also induce
immune-dependent antitumor effects (15, 49-51). Therefore,
the roles of IL-10 on tumor development are dependent on the
local environment and physiopathological states. The inhibitory
role of IL-10 on APCs, CD8" T cells, and CD4" T cells has been
clearly defined, but its impact on Vy9V32-T cells remains
unclear. In this study, our data supported that hIL-10 and vIL-
10 derived from tumor cells and EBV significantly inhibited the
cytotoxicity of Vy9V32-T cells, which substantially limits the
antitumor efficacy of VyoV2-T cells.

EBV has evolved to express vIL-10, thereby providing a
suitable microenvironment for itself to evade immunity and
cause tumorigenesis (52, 53). The structurally homologous
viral and human IL-10 perform similarly in several biological
properties, including inhibition of IFN-y production,
suppression of T cell proliferation in response to antigens and
mitogens, and stimulation of B cell growth (54). This similarity
has raised the possibility that EBV might have captured the IL-10
gene during evolution. Furthermore, IL-10 has been shown to be
involved in the pathogenesis of lymphoid disorders (55, 56).
Elevated IL-10 levels are correlated with shorter survival and

adverse disease features in patients with EBV-associated tumors
(33, 57). Thus, we reasoned that hIL-10 and vIL-10 may be
associated with the suppression of Vy9V82-T cells’ antitumor
activity. Such an interaction would provide a suitable
microenvironment for viruses to evade immunity and cause
tumorigenesis. Here, our in vitro data revealed that vIL-10
derived from EBV and hIL-10 derived from EBV-LCL were
the dominant factors for inhibiting the antitumor activity of
Vy9V82-T cells in TME. Our in vivo data also suggested that the
reduced antitumor activity of Vy9V32-T cells against EBV-
induced lymphoma may be associated with IL-10"€" TME.
Further study using IL-10 neutralizing mAb or IL-10 knockout
mice is required to determine the exact role of IL-10 in antitumor
activity of Vy9V&2-T cells in vivo. Of note, additional factors in
the CM might also contribute to suppressing VyoVo2-T cells
activity because a smaller extent of cytotoxicity reduction after
treatment with recombinant hIL-10 and vIL-10 proteins was
observed when compared with IL-10"¢" CM (Figure 1).

Recently, clinical trials utilizing bisphosphonates, such as
PAM and ZOL, to expand yd-T cell in vivo in combination
with IL-2 therapy or adoptive transfer of ex vivo cultured ¥8-T
cells were performed in patients with tumors and virus infections
(11, 15, 58, 59). Administration of bisphosphonates with IL-2
and the transfer of expanded autologous Vy9V52 T-cells have
been demonstrated to be safe with limited adverse events (60).
However, there is only a modest efficacy in the treatment of some
tumors (61, 62). One drawback of y8-T cell-based
immunotherapy is the rapid exhaustion of proliferation and
effector responses due to repeated phosphoantigen treatments
(17). Another drawback of this therapy is the impaired antitumor
activity of ¥3-T cells caused by the tumor immunosuppressive
microenvironment (18, 63).

CD137 is a promising costimulatory immunologic target for
enhancing antitumor immune responses (39). CD137
costimulation, known as “stepping on the accelerator,” is
believed to be a compelling complement for “removing the
brakes” via blocking inhibitory signaling. Importantly, it is
now appreciated that CD137 signaling not only works as an
“accelerator” to provide costimulation, but also breaks and
reverses the established anergy in cytotoxic T lymphocytes
(CTLs) (64, 65). However, the role of CD137 signaling in
VY9VE2-T cells within the context of IL-10-mediated TME is
not clear. Here, we revealed that IL-10R1" VY9V 2 T-cell subset
expressed high levels of CD137. Moreover, CD137 costimulation
suppressed IL-10R1 in Vy9Vd2-T cells, suggesting that CD137
engagement possessed the potential to ameliorate the exhaustion
and dysfunction of Vy9V2-T cells.

Ligation of CD137 is correlated with effective antitumor
responses; however, the application of anti-CD137 agonistic
antibodies in patients is limited by a variety of side effects (66).
The natural CD137 ligand is an alternative to the CD137-specific
antibodies to stimulate antitumor T cell responses. Shirwan lab
reported that a streptavidin-conjugated murine CD137L (SA-
mCD137L) complex could induce effective antitumor immune
responses (67, 68). SA-mCD137L induces less pathological side
effects than anti-CD137 agonistic antibody therapy, suggesting a
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higher therapeutic index of SA-mCDI137L. Previously, we
demonstrated that recombinant SA-hCD137L enhanced the
cytotoxic effect of Vy9V82- T cells against influenza virus
infection (37). Here, we further found that SA-hCD137L
restored the antitumor activity of Vy9Va2-T cells
compromised by the IL-10-mediated TME. These data indicate
that SA-hCD137L can provide an alternative to anti-CD137
agonistic for anti-tumor therapy.

There are no Vy9V2-T cells in mice, thus it is impossible to
study these cells in mouse models (69). Previously, we
successfully established humanized mice with a similar
proportion of Vy9V2-T cells in murine peripheral blood to
that in humans (12, 14, 70, 71). Importantly, here the synergistic
effect of PAM and recombinant SA-hCD137L Vy9V2-T cells
was verified in humanized mice.

In conclusion, our study further elucidates the role of CD137
in the antitumor activity of human Vy9V32-T cells in the IL-10-
mediated immunosuppressive TME. The combination of a
phosphoantigen and CD137 agonist also provides a novel
strategy for treating EBV-induced tumors by avoiding
VY9V32-T cell exhaustion and enhancing the efficacy of
VY9V2-T cell-based therapy.
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Sanne van Dooremalen’, Jasper Sanders’, Dennis X. Beringer’, Trudy Straetemans "2,
Zsolt Sebestyen’ and Jiirgen Kuball ""?*

7 Center for Translational Immunology, University Medical Center (UMC) Utrecht, Utrecht University, Utrecht, Netherlands,
2 Department of Hematology, University Medical Center (UMC) Utrecht, Utrecht University, Utrecht, Netherlands

YO82T cells fill a distinct niche in human immunity due to the unique physiology of the
phosphoantigen-reactive Y982TCR. Here, we highlight reproducible TCRd complementarity-
determining region 3 (CDR39) repertoire patterns associated with y982T cell proliferation and
phenotype, thus providing evidence for the role of the CDR36 in modulating in vivo T-cell
responses. Features that determine y982TCR binding affinity and reactivity to the
phosphoantigen-induced ligand in vitro appear to similarly underpin in vivo clonotypic
expansion and differentiation. Likewise, we identify a CDR38 bias in the y962T cell natural
killer receptor (NKR) landscape. While expression of the inhibitory receptor CD94/NKG2A is
skewed toward cells bearing putative high-affinity TCRs, the activating receptor NKG2D is
expressed independently of the phosphoantigen-sensing determinants, suggesting a higher
net NKR activating signal in T cells with TCRs of low affinity. This study establishes consistent
repertoire—phenotype associations and justifies stratification for the T-cell phenotype in future
research on Y982TCR repertoire dynamics.

Keywords: human y952 T cells, CDR33, adult V42 repertoire, differentiation profile, public clonotypes, NKG2D, CD94/
NKG2A(B)

INTRODUCTION

From generation onward, the T-cell receptor repertoire accumulates footprints of selection and
clonotypic expansion that reduce its diversity and lead to skewing. As a result, the repertoire of
antigen-experienced T cells represents only a modest fraction of the repertoire of their newly
generated naive precursors, limited to the antigenic specificities relevant to the individual’s
immunological history [reviewed in (1)]. A Y962TCR is notably different from an affTCR, as it
senses the accumulation of intracellular phosphorylated non-peptide antigens (phosphoantigens or
pAgs) through modification of surface butyrophilin family members BTN3A1 and BTN2AI,
orchestrated by interaction with the small GTPase RhoB, rather than sensing peptide-MHC
complexes (2-6). Nevertheless, despite the unique antigen specificity and recognition mode, the
Y982TCR repertoire equally acquires imprints of selection and expansion throughout the human
lifetime (7, 8), starting with a wave of polyclonal expansion immediately after birth (9, 10) and
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ultimately leading to a characteristic “selected,” highly private
pAg-reactive Y982TCR repertoire in adults [reviewed in (11)].
While the TCRY9 chain harbors motifs that are critical for
binding the non-polymorphic BTN ligand, the TCRS2 chain
contains the yet unresolved clue to pAg reactivity (4, 12),
possibly through the influence of the CDR38 on the y982TCR
binding affinity in this multiple-ligand system (13, 14).
Therefore, the most dramatic repertoire changes are seen in
the CDR339 repertoire from T-cell generation to maturity.

Phenotypic maturation in T cells parallels repertoire maturation
and eventually reaches terminal differentiation defined by the
dominance of cytotoxic responses over the proliferative,
acquisition of natural cytotoxicity markers and reduced TCR
signaling (15, 16). Y992T cells mature across a similar continuum
of transcriptional, phenotypic, and functional changes as oST cells
do (17, 18). The CD27+CD28+ T cells (“early-stage differentiation
profile,” proliferative, characteristic of T cells isolated from cord
blood or thymus) or CD27-CD28-CD16+ cells (“late-stage
differentiation profile,” readily cytotoxic, seen in selected healthy
adults) dominate the two distinct poles of the continuum. Unlike
ofT cells, however, YOT cells are characterized already at the fetal
stage of T-cell development by a prominent natural killer receptor
(NKR) signature, present independently of other differentiation
markers (19), and continuing to distinguish Y0T cells from their
of} counterparts during adulthood (20, 21).

In early infancy, massive Y902T cell expansion and phenotypic
maturation are evidently reflected by enrichment of the Y982TCR
repertoire in features that underpin recognition of the pAg-driven
changes in BTN2 and BTN3, such as TRGJP rearrangements in the y
chain and a hydrophobic amino acid at position 5 of the CDR3 of the
O chain, suggestive of the key role of these Y9O2TCR traits in the
effector responses of the Y982T cells at that developmental stage (10).
As to already highly selected adult Y982TCR repertoires, a clonotypic
bias in association with T-cell expansion and differentiation profile
has been reported (7); however, it remains unclear whether any
distinct TCR features explain this bias. In addition, the expression of
certain NKRs has been associated with a CDR3d bias (22).
Considering the growing interest in Y0T cells and their TCRs as
therapeutics (23), and in reliance on a model in which the Y962TCR
diversity is assumed to underpin a range of ligand-binding affinities
(13, 14), the question of whether the repertoire changes are related to
the phenotypic changes is particularly relevant, since it clears the way
for isolating the TCRs with the highest affinity to the antigen and the
T-cell populations most potent for therapeutic use (14, 24). In this
study, we deconstruct the adult CDR3d repertoire in relation to the
phenotype of the Y982T cells in an attempt to understand the
functional role of the Y982TCR diversity in adults.

MATERIALS AND METHODS

Isolation of Peripheral Blood Mononuclear
Cells and Cell Phenotyping

Buffy coats were obtained from Sanquin blood bank
(Amsterdam, The Netherlands). Peripheral blood mononuclear
cells (PBMCs) were isolated from buffy coats using Ficoll-Paque

PLUS gradient centrifugation (GE Healthcare, Chicago, IL,
USA). The cells at the interface were harvested, washed 4x
with phosphate-buffered saline (PBS) (Sigma-Aldrich, St. Louis,
MO, USA), and further stained with the following monoclonal
antibodies (mAbs): CD3 (CD3-PB Clone UCHTI1, BD
Biosciences, San Jose, CA, USA; cat. no. 558117), TCR panyd
(TCR panyd-PE-Cy7 Clone IMMUS510, Beckman Coulter, Brea,
CA, USA; cat. no. B10247), V82 (TCR V&2-FITC Clone B6,
BioLegend, San Diego, CA, USA; cat. no. 331406), CD8a (CD8a-
PerCP-Cy5.5 Clone RPA-T8, BioLegend; cat. no. 301031), CD4
(CD4-APC Clone RPA-T4, BioLegend; cat. no. 300514), CD27
(CD27-APC-eF780 clone 0323, eBioscience, San Diego, CA,
USA; cat. no. 47-0279-42) and isotype control (IgG1-APC-
eF780 Clone P3.6.2.8.1, eBioscience; cat. no. 47-4714-80),
CD45RA (CD45RA-BV650 Clone HI100, BD Horizon,
Franklin Lakes, NJ, USA; cat. no. 563963), CD28 (CD28-
BV605 Clone CD28.2, BD Horizon; cat. no. 562976), CD16
(CD16-PE Clone eBioCB16, eBioscience; cat. no. 12-0168-41),
CD16-BV785 Clone 3G8, BioLegend; cat. no. 302046), CCR7
(CCR7-APC Clone G043H7 Sony Biotechnology, San Jose, CA,
USA; cat. no. 2366070), NKG2D (NKG2D-PE clone 1D11,
eBioscience; cat. no. 12-5878-42), CD94 (CD94-PE clone HP-
3B1, Beckman Coulter; cat. no. IM2276), NKG2A (human
CD159a (NKG2A)-APC/Fire' " 750 clone $19004C, BioLegend;
cat. no. 375115), and NKG2C (CD159¢(NKG2C)-AF700clone
134591, R&D Systems, Minneapolis, MN, USA; cat. no.
FAB138N-025).

Live/dead aqua stain (LIVE/DEAD stain kit Aqua fluorescent,
Life Technologies, Carlsbad, CA, USA; cat. no. L34957) was used
to exclude dead cells.

Cell phenotyping was performed on BD Fortessa and BD
Canto, and all fluorescence-activated cell sorting (FACS)
processes were performed on BD ARIAIL Sorted T-cell
subpopulations were collected in equal numbers in at least
duplicates, which were further processed separately as
independent biological replicates. We sorted 50,000 cells per
population for the late-stage profile donors; for the early-stage
donors, there were 12,000-30,000 cells. Cells were collected in
ice-cold Roswell Park Memorial Institute (RPMI) medium
(Gibco, Grand Island, NY, USA) supplemented with 20% fetal
calf serum (FCS) and spun down; cell pellets were resuspended in
RLTplus buffer (Qiagen, Valencia, CA, USA; art 1053393)
supplemented with fresh P-mercaptoethanol (Life
Technologies; art 11528926) (10 ul of BME per 1 ml of
RLTplus) for 2 min for lysis at RT and stored at —80°C until
RNA isolation.

TCR& Chain Sequencing and Data Analysis
RNA isolation, cDNA synthesis, PCR of the TCR chain, library
preparation, high-throughput sequencing, and analysis of the
raw sequencing files were performed at the University Medical
Center Utrecht as described earlier (13). In-house R scripts were
used for repertoire analysis; data were filtered to include
clonotypes with a frequency higher than one read/clonotype.
The tcR package (25) was used as the framework of the repertoire
analysis pipeline.

Frontiers in Immunology | www.frontiersin.org

July 2022 | Volume 13 | Article 915366


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

\lyborova et al.

¥962T Cell Repertoire Dynamics

All head-to-head comparisons of quantitative repertoire
features, such as diversity, were made on samples with equal
numbers of sorted cells.

Sequences were annotated as public if they were shared
among at least 2 donors in the current study. In order to
reduce the uncertainty intrinsic to the detection of low-
frequency sequences, which might impair the robust detection
of rare public clonotypes, we analyzed only the nucleotypes that
had been detected at least in two samples from the same donor.
When analyzing public AA clonotypes, multiple (both private
and public) nucleotypes encoding for the same AA sequence
were collapsed to a single entry with a read count equaling the
total of the read counts of all nucleotypes. Several previously
published datasets containing high-throughput TCRS chain
sequencing data were used to identify highly common public
V&2 CDR3 sequences in healthy individuals (9, 10, 26-28).

Analysis of the number of N insertions was performed using
the IMGT Junction Analysis tool (29).

Cells and Cell Lines

Daudi and Phoenix-Ampho cells were obtained from ATCC
(Manassas, VA, USA). The TCRB—-/- Jurkat76 cell line was a
kind gift from Miriam Heemskerk (LUMC, Leiden,
the Netherlands).

Retroviral Vector Generation

The v chain of the TCR clone 5 cloned into a pBullet-IRES-
neomycin vector via 5" Ncol and 3’ BamHI restriction sites was
previously available (30). Public and private CDR38 chain
retroviral plasmid vectors were generated based on the
previously available retroviral vector encoding the & chain of
the TCR clone 5 (30) by introducing the new CDR3d sequence
using overlap extension PCR as described earlier (13). For the
overhang primer pairs encoding the target CDR3d NT
sequences, see Supplementary Table 3.

Retroviral Transduction of T Cells

All public and private TCR 82 chains were paired with clone 5
TCRy chain and were transduced into TCR-deficient T-cell
line Jurkat76.

For the generation of transduced Jurkat76 cells, Phoenix
Ampho cells were transfected with the pBullet retroviral
constructs containing TCRy and TCRS using FuGENE HD
(Promega, Madison, WI, USA). Next, Jurkat76 cells were
transduced with the viral supernatants in the presence of
polybrene (4 ug/ml; Sigma-Aldrich). The transduced Jurkat76
cells were magnetic-activated cell sorting (MACS)-selected using
anti-CD3 microbeads (Miltenyi, Bergisch Gladbach, Germany)
and cultured for at least 5 days before functional assay.

CD69 Upregulation Assay

10° transduced Jurkat76 cells were cocultured overnight in a 1:1
ratio with Daudi cells as a target, with or without 100 pM of
pamidronate treatment. The cells were then stained with the
following antibody mix for 30 min on ice: V82-FITC clone B6
(BioLegend), CD69-APC clone FN50 (Sony Biotechnology; cat.
no. 2154550), and CD20-eFluor450 clone 2H7 (eBioscience; cat.

no. 48-0209-42). After being washed, the cells were fixed using
1% paraformaldehyde and analyzed with BD FACS Canto II (BD
Biosciences). Readouts were analyzed using Flow]Jo software.

Statistical Analysis

Statistical analysis was performed using R Studio. The two-sided
Wilcoxon rank-sum test was used to calculate the median difference
between two independent groups (31) and its significance.

Code Availability

Details of the code can be requested from the corresponding author.

RESULTS

Clonotypic Expansion Involves
Concentration of the CDR3%
Phosphoantigen-Sensing Determinants

As a framework for the study of the repertoire fingerprints of the
T-cell expansion, we used the publicly available repertoire data of
healthy preterm infants and young children in whom y982T cells
are actively proliferating (10), focusing in this study on the TCRS
chain. Intending to define the CDR30 features associated with in
vivo expansion, we classified clonotypes according to their
abundance, or clonotype frequency f into non-expanded (f <
0.1%), expanded (0.1% < f < 1%), and hyperexpanded (f = 1%)
and further analyzed their qualitative traits. Clonotypic
expansion associated unambiguously with J1 region usage, and
the presence of the “invariant T” nucleotide (invT) (32), or, more
generally, a hydrophobic amino acid at position 5 (hAA5) of the
CDR3§ (position 109 according to IMGT) (12), features that
define the transition from poorly reactive neonatal (8, 19) to
adult-type highly pAg-reactive repertoires (7, 9-11, 32)
(Supplementary Figure 1A). Next to these well-defined pAg-
sensing determinants, we noted a marked enrichment in shorter
CDR39 sequences in expanding clones, seen most clearly in the
J1-rearranged subrepertoires (Supplementary Figures 1B, C).
As clonotype frequency might be determined not solely by the
expansion of a T-cell clone upon antigen encounter
but by generation biases such as short-homology-repeat
recombination (33-36) or convergent recombination [reviewed
in (11)], we performed a separate analysis of the infant
repertoires at the moment of postnatal “y982T cell burst” (3-5
weeks of age) (10) while splitting the data according to the
possible origin of bias. We analyzed independently the germline-
encoded sequences (no N insertions) and the sequences with N
insertions, thus segregating the effect of the short-homology-
repeat recombination. A separate analysis of the sequences
shared between the subjects (public sequences) and private
sequences allowed to account for the effect of convergent
recombination since the generation of most if not all public
clonotypes relies on this mechanism [(11); see Supplementary
Table 1]. Although the highly prevalent “hyperexpanded”
clonotypes at this developmental stage are almost exclusively
germline-encoded and public, emphasizing the recombination
effect on clonotype frequency, enrichment in sequences featuring
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hAA5 and in shorter sequences with increased clonotype
frequency remained equally evident in all independent analyses
(Supplementary Figures 1D, E), suggesting that both features
have a functional implication in T-cell proliferation and do not
solely reflect a production bias.

Similar to the proliferative burst seen in early childhood, a
marked Y902T cell expansion associated with loss of CD27
expression has been occasionally noted in adults, resulting in
YS2TCR repertoires focused on a few (hyper)expanded clones
(7). We wondered whether CDR34 features that are associated with
expansion in infant repertoires similarly underpin clonotypic
expansion and T-cell maturation in adults. Therefore, we sorted
V&2P*CD27P° and V§2P**CD27"% populations in a cohort of 9
adult donors (Supplementary Figure 2A) and performed high-
throughput sequencing of the TCR3 chain of the sorted subsets, first
focusing the analysis on the phenotypically younger CD27°** cells.
The gating strategy at sorting did not include an antibody directed
against the VY9 chain (Supplementary Figure 2A); however, we
confirmed that Vy9"®V52P* cells represented less than 3.5%
(median 1.75%) of the total V2P sorted cells and less than 10%
(median 6.8%) of the V2P°CD27P* subset. V9" V2P cells
were mainly V&2™ cells, a population gated out during sorting
(Supplementary Figure 2B). As seen with the infant and the child
repertoires, in the CD27°* cells of the healthy adults, clonotype
frequency was positively associated with rearrangement to the J1
region, the invI nucleotide, and the hAA5 (Figures 1A-C);
however, the effect sizes observed were smaller in comparison to
changes seen in early ontogeny. Within the dominant subset of
clonotypes rearranged to the shorter J1 region, a far less notable but
still discernible enrichment in shorter sequences was seen with
increased clonotype frequency, largely due to the fact that none of
the long (>20 AA) sequences reached f of 1% (Figures 1D, E). Not

surprisingly, as parts of the variable stretch between the conserved
motifs of the CDR38 are encoded by N nucleotides, we saw a similar
decrease in the average number of the N insertions (Figure 1F).
Germline-encoded sequences and public sequences are fewer in
number and occupied space in adult repertoires compared to the
infant ones (Supplementary Figures 2C, D); nevertheless, we
repeated the analysis of private subrepertoires and subrepertoires
generated with N insertions to account for the possible generation
bias in these phenotypically “young” cells. We obtained overall
similar trends for enrichment in J1 rearrangements, invT, and
hAA5 (Supplementary Figure 2E) and equally in the
shorter sequences, despite an overall shift toward slightly greater
mean CDR3 lengths after sorting out the public sequences
(Supplementary Figures 2F, G; see Figure 3 and the
corresponding text for the characteristics of the public sequences).
Thus, CDR339 features postulated as determinants of sensing
pAg-driven changes in BTN2 and BTN3 likely underpin the in
vivo clonotypic expansions seen in infancy and adulthood,
although the enrichment patterns are less pronounced in adult
repertoires that are nearly saturated with pAg-reactive clones.
Clonotypic expansion is further associated with a narrowing
range of CDR39 lengths. Enrichment in shorter sequences in
expanded clones, translating, in part, from fewer N insertions, is
readily apparent at the time of active T-cell expansion in infants
and, as a reminiscence of the patterns seen in infancy, is still
discernible in the repertoires of CD27P* cells in adults.

Phenotypic Maturation Reflects Repertoire
Focusing, Which Is Independent of the
CDR3$ Traits

We next focused on the repertoire traits associated with
phenotypic maturation. Assuming that the phenotype shifts
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result from an antigenic trigger in the periphery (37), we thus
aimed to identify CDR3$ traits underlying peripheral repertoire
selection. As adult donors are extremely heterogeneous with
respect to the proportions of cells at distinct stages of
differentiation (17), we concentrated on the part of the cohort
in which a sizable fraction of the V82+ compartment has
completed differentiation to CD27-CD28-CD45RA++CD16+
phenotype, designated here as late-stage differentiation profile
donors (n = 6 of the 20 donors phenotyped, cells from 4 out of 6
donors sorted, and repertoires sequenced; see Supplementary
Figure 2A, an example of a healthy donor (HD) 94, and
Supplementary Figure 3A). The rest of the cohort (n = 14,
cells from 5 donors sorted and repertoires sequenced) was
collectively characterized by the dominance of CD27P* cells
(Supplementary Figure 2A, example of HD101), as well as by a
less-differentiated state of the sorted CD27"°® population, and
was categorized here as belonging to the early-stage
differentiation profile (Supplementary Figure 3A). Late-stage
profile donors had a higher proportion of VO2TCR+ T cells
among CD3+ cells (Figure 2A), and the expression of each
differentiation marker in the cohort correlated positively (CD16)
or negatively (CD27, CD28) with the percentage of VO2TCR+ T
cells among total T cells (Figure 2B). The CD27"°® population
showed a markedly lower CDR30 repertoire diversity (estimated
here using Shannon entropy) compared to the CD277% cells
(Figure 2C). This resulted from a lower number of clonotypes in
the CD27"°¢ subset, suggesting a selection process as cells mature
from “young” CD27P°* to terminally differentiated CD27"®
phenotype (Figure 2D), as well as from lower evenness,
indicating a greater degree of clonotypic expansion in the
terminally differentiated cells (evenness was estimated using
D75, the percentage of unique clonotypes that occupy 75% of
the sample library, Figure 2E). The same metrics in early-stage
profile individuals showed less profound and less consistent
demarcation between the populations sorted according to
CD27 expression (Supplementary Figures 3B-D). In general,
cells with larger distances in phenotype showed more CDR36
repertoire dissimilarity. Thus, the TCRS repertoire in
phenotypically differentiated cells is shaped by both selection
of clonotypes and clonotypic expansion, the latter arguably
effectuating the observed inflation of the V82+ compartment
as a whole in the late-stage profile donors.

We then analyzed the qualitative repertoire traits that could
denote repertoire selection, performing first a head-to-head
comparison of the entire repertoires of the sorted subsets. Only
a marginal enrichment in the pAg reactivity determinants
(Supplementary Figures 4A-C) a slight shift towards longer
CDR3 length (Supplementary Figure 4D) and no change in the
number of N insertions (Supplementary Figure 4E) characterized
the transition from CD27P*° to CD27"® phenotype at the level of
the complete repertoires. Considering the extreme focusing in the
CD27"°® compartment (median D75 of 9.43%), we were
particularly interested in the characteristics of the high-
frequency clonotypes. The “hyperexpanded” repertoires of the
CD27"¢ cells appeared to be permissive to occasional J3
rearrangements, and sequences featuring “non-invI encoded”

amino acids, mostly alanine and glycine (Figures 2F-H).
Further, the CDR3§ length distribution that was centered
around the 13 and 16 AA in the CD27"°° subset here peaked at
14 and 17 AA (Figure 2I). Thus, although terminally differentiated
cells harbor a TCR repertoire slightly more “saturated” in
sequences sensing the pAg-driven ligand than cells of CD27°%
phenotype, the extreme clonotypic expansions that skew the
CDR33 repertoires in the late-stage donors to near oligoclonality
do not strictly rely on the pAg-sensing determinants, and therefore
non- or poorly pAg-reactive T-cell clones may take prominent
positions in the repertoire.

Public Delta Clonotypes Expand

In Vivo, But Their Number Diminishes
Upon Maturation

CDR39 clonotypes shared between unrelated subjects (public &
clonotypes) have been shown to play a prominent role in the first
wave of postnatal expansion of the Y902T cells in newborns (9,
10). However, their number decreases with advancing age in
children (10) and decreases even further in adults, possibly as a
result of peripheral repertoire selection (7, 27), changes in thymic
output after birth (36), or both. Here we aimed to explore the
expansion potential and the evidence for peripheral selection of
the public sequences in adults, by tracing the sequences shared
between at least two individual donors in the current study. The
proportion of public clonotypes increased with increasing fin the
CD27F* population in the majority of the donors (Figure 3A).
More widely shared clonotypes were encoded by larger numbers
of nucleotypes, emphasizing that convergent recombination is
the foundation of publicity (Figure 3B); however, we detected no
tendency toward more common clonotypes having higher
frequencies (Figure 3C), unlike the observations made for the
public sequences of fetal origin in infants (10). We then narrowed
the analysis down to public sequences with a high degree of
sharing, i.e., sequences detected in >50% of the donors included
in this study and present in multiple published studies (Table 1;
see Supplementary Table 1 for the encoding nucleotypes). We
looked at the impact of peripheral repertoire selection on
the maintenance of the public sequences, again using the
model of transition from the CD27°* phenotype to terminal
differentiation in the late-stage profile donors. We observed a
loss of the highly common public sequences as the cells evolve
from CD27P% to the CD27"°® phenotype (Figures 3D, E),
suggesting their deletion in the periphery as cells mature. Thus,
public TCRS clonotypes persist in the repertoires of healthy
adults and expand in vivo but are only partly maintained when
cells undergo terminal differentiation.

Public Delta Clonotype Function: The
Beauty of Brevity

The published evidence for the expansion of public V2
clonotypes in infants (10), our current data on their
persistence into adulthood, the high degree of sharing and in
vivo proliferation in adults made us wonder whether these
sequences may share properties that would confer high TCR
affinity to the pAg-driven ligand. We first characterized the
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qualitative features of adult public CDR38 sequences, looking for
distinct traits that could potentially underpin their functionality.
Public sequences were most notable for their short average
length, which peaked at 12AA for the most common public
clonotypes versus 16AA for the private sequences (Figure 3F),
and the underlying low number of N insertions (Figure 3G).
Public and private sequences did not differ in ] region usage
(Figure 3H), while the CDR38 AA5 was exclusively hydrophobic
in common public sequences, with relative enrichment in non-
invT-encoded amino acids A and W (Figures 31, J).

In order to assess the impact of the public and private TCR3
chain properties on TCR functionality, we selected four common
public CDR38 sequences present in this study, as well as in
previously published repertoire studies (9, 10, 26-28) (Table 1),
which all have 12AA length, and expressed them alongside a
fixed 7y chain of the TCR clone 5 (30). A set of private sequences
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of various lengths (median length 16AA), all rearranged to the J1
region and all harboring a hAAS5, was taken along as a control
(Supplementary Table 2). All constructs were transduced into
TCR-deficient Jurkat76 (J76) cells, yielding similar YdTCR
surface expression levels (Supplementary Figure 5A), and
CD69 upregulation by J76 cells upon co-culture with the
tumor cell line Daudi, was used as a marker for TCR-mediated
T-cell activation. We saw higher T-cell activation with the short
public & sequences in the condition without N-amino
bisphosphonate (NBP), while NBP treatment eliminated the
difference (Figure 3K). There was no confounding effect of the
TCR surface expression level on the observed differences
(Supplementary Figure 5B). In summary, a shorter length of
public CDR39 sequences, in addition to the consistent positivity
for hAAS5, is associated with a higher functional avidity, as
demonstrated in the TCR gene transfer experiment.
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Surface NKG2D Expression Declines With
T-Cell Maturation and Is Independent of
TCR Clonality

Despite the general trend for preferential in vivo expansion of
putative high-affinity CDR3§ clones containing the traits
associated with sensing pAg-driven changes in BTN2 and
BTN3, we occasionally witnessed (hyper)expanded clonotypes
harboring polar, or even charged amino acids at position 5 of the
CDR38 (Figure 4A), which according to the existing
experimental evidence are non- or poorly pAg-reactive (13,
14). We hypothesized that pAg-unrelated stimuli could trigger

in vivo proliferation of such T-cell clones and that poorly pAg-
reactive TCRs could possibly benefit from the expression of non-
clonally restricted activating receptors. In exploring this
hypothesis, we focused on NKG2D, the best-studied activating
NKR on 8T cells, previously reported to play both an
autonomous stimulatory role (38-40) and a co-stimulatory role
next to a YOTCR (41, 42).

We found the absolute majority of the V82+ T cells in adult
blood to express NKG2D (Supplementary Figure 6A). NKG2D
expression correlated with T-cell differentiation phenotype within a
donor, as, in general, more differentiated CD27"CD28"® T cells
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TABLE 1 | Public clonotypes shared among >50% of donors in this study and their occurrence in other published repertoire studies.

Public CDR33 clonotypes CDR353 length Nucleotypes
Public Private
CACDTLGDTDKLIF* 12 6 13
CACDTLLGDTDKLIF 13 5 9
CACDVLGDTDKLIF* 12 2 4
CACDTLGVYTDKLIF 13 1 8
CACDTVGDTDKLIF* 12 2 8
CACDTVGEYTDKLIF 13 2 5
CACDTVGGYTDKLIF 13 3 iRl
CACDILGDTDKLIF 12 2 3
CACDPLGDTDKLIF 12 2 10
CACDTAGGSSWDTRQMFF 16 2 4
CACDTVGGTDKLIF 12 3 6
CACDTVGTYTDKLIF 13 0 8
CACDTWGTDKLIF 11 1 6
CACDTWGYTDKLIF* 12 2 3

# donors in this study

Adult repertoires Infant and child repertoires

N (26 () (10) ©
11 + + + + +
9 + + - + +
9 + + + + +
9 - - + + +
8 + + + + +
8 + + + + +
8 + + - + +
7 + + + + +
7 - + + + +
7 - + + + +
7 - + + + -
7 + + + + -
7 + + + + +
7 + + + + +

Sequences used for the TCR transfer experiment (see below) are marked with an asterisk.

expressed less surface NKG2D (Supplementary Figure 6B). The
trend for declining surface expression with T-cell maturation was in
line with lower NKG2D mRNA expression levels in more
differentiated populations, detected in an independent dataset that
we extracted from the study by Ryan et al. (17) (Supplementary
Figure 6C). Conversely, gating on NKG2D""8" ys, NKG2D™/"e8
cells (Supplementary Figure 6D) revealed an overall “younger”
phenotype of the NKG2D" ™ cells in the majority of donors, with
notably higher expression of CCR7, CD27, and TCRYd
(Supplementary Figures 6E, F), with the NKG2D™emediate
population lying between two extremes (Supplementary
Figures 6G, H).

To examine the repertoire characteristics of V&2+ T cells in
the context of NKG2D expression, we sorted NKG2D¥™/¢¢ and
NKG2D""8" Vv§2+ T cells as shown in Supplementary
Figure 6D and again performed sequencing of the TRDV2
repertoires as described above. Unlike the T-cell differentiation
profile, the NKG2D expression level did not denote any change
in the TCR diversity metrics (Figures 4B-D). When we looked
into the set of qualitative CDR3d features that could define the
unique clonotypes, we detected no difference between the
NKG2D"¥4™ and NKG2D"€™ cells, except for a bias in J1
region usage in the low-frequency clones (Figure 4E), which,
however, did not translate into a shorter average CDR33 length
(Supplementary Figure 6I).

Thus, although the expression level of the activating receptor
NKG2D in adult y982T cells shows a discernible relation to the
T-cell differentiation status, it is not associated with a bias toward
putative low-affinity or pAg-unreactive TCRs.

Expression of Inhibitory NKR CD94/
NKG2A(B) Associates With a Bias Toward
Putative High-Affinity Y962TCRs

The net total of the inhibitory and activating signals from the
environment will direct the Y982T cell effector functions (43).
Although we did not find compelling evidence for skewing in
NKG2D expression toward putative pAg-unreactive clones, there
could be still an effect of the signal strength through the YSTCR,

generally considered “signal one” (44), on the landscape of the
remaining NKRs and thus on the net NKR signal. We therefore
aimed to investigate the TCR repertoire features in the context of
surface expression of CD94/NKG2A(B), an inhibitory C-type
lectin receptor broadly expressed on the y982T cells and recently
reported to identify a highly pAg- and tumor-reactive Y962T cell
subset (45).

We sorted V82+ T cells from peripheral blood based on CD94
expression into a CD94™8" subpopulation, in which CD94 is
known to heterodimerize with NKG2A(B) (22, 46), and a
CD94™°¢ subpopulation (Supplementary Figures 6], K), and
performed a similar comparative CDR3§ repertoire analysis.
CD94°7 8" cells were collectively characterized by a higher
percentage of sequences featuring an invT-encoded or
generally hydrophobic AA5 in the repertoire (Figure 4F), in
line with an earlier low-throughput sequencing study (22).
CDR334 bias according to the invI/hAA5 as one of the strong
predictors of the TCR reactivity is further exemplified here by the
differential clonotypic expansion of a single pAg-unreactive
clonotype (Figure 4G). Moreover, we observed a trend toward
enrichment in shorter CDR38 sequences in CD94™€" cells
(Supplementary Figure 6L).

In summary, the CDR3 features known to underpin pAg-
sensing and Y982TCR signal strength appear to impact the
surface expression of an inhibitory NKR CD94/NKG2A(B),
with the putative high-affinity CDR36 sequences being
accompanied by high CD94/NKG2A(B) surface expression,
while low-affinity TCR-bearing clones remained predominantly
CD94-negative.

DISCUSSION

The discovery of the germline region-mediated interactions at
the basis of the mechanism of antigen recognition by a Y962TCR
(2, 4) provides a rationale for the observed in vitro (47) and in
vivo (9, 10) polyclonal y982T cell responses to antigenic stimuli,
fostering the paradigm of the Y982TCR as a pattern recognition
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FIGURE 4 | Non-clonally restricted NKG2D expression versus a CDR38 bias in surface expression of CD94/NKG2A(B). (A) An example of a repertoire of a healthy donor
where a putative non-pAg-reactive clonotype occupies a prominent position (position 16, CACDTEGTPTLLIF). (B-D) TCR repertoire diversity of the NKG2D%™ and
NKG2DP"™ cell populations estimated with Shannon entropy (B), species richness (C), and evenness(D75) (D) (n = 3 donors). y-Axis limits are set equal to those in

Figures 2C-E. (E) Qualitative features of the repertories of the NKG2D™"9 and NKG2D"9™ cells in relation to clonotype frequency: proportion of sequences rearranged to
J1 region and proportion of sequences featuring the invT or a hAA5. (F) Qualitative features of the repertories of the CD94™ and CD94>™M cells in relation to clonotype
frequency: proportion of sequences rearranged to J1 region and proportion of sequences featuring the invT or a hAA5 (n = 2 donors). (G) Treemaps showing the CDR38
repertoires of the NKG2D9™"9, NKG2DP9"™, CD94P™9" | and CD94™9-sorted populations in the same healthy donor as in (A) Position of the putative non-pAg reactive
clonotype CACDTEGTPTLLIF is indicated. (B~F) Bars represent median values and interquartile range (IQR) (Wicoxon rank-sum test, *p < 0.05; *p < 0.01; **p < 0.001).

receptor. The absence of a known polymorphic ligand leaves the
role of the highly diverse CDR3 regions currently undefined.
Nevertheless, particularly in the case of the CDR3d repertoire, a
distinct evolution pattern seen during ontogeny (11) hints at the

still significant role of the CDR3d in antigen recognition. Here
we expand the evidence on the role of CDR3d in y962TCR-
mediated responses. We show that in vivo Y982T cell expansion
and phenotypic maturation are associated with repertoire
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enrichment in the CDR3§ determinants of sensing pAg-induced
changes (12, 48, 49), presumably equating to the concentration
of the Y982TCRs with higher binding affinity and signal strength
(13, 14). We find that the number of the highly common public
TCRS sequences that combine all known pAg reactivity features,
known to diminish with the transition from infant to adult
repertoires, diminishes even further within an individual upon
T-cell maturation, despite optimal signaling. Lastly, we detect
skewing in the inhibitory NKR CD94/NKG2A(B) surface
expression toward cells expressing putative high-affinity TCRs.
In contrast, expression of the activating NKR NKG2D emerges as
independent of CDR39 traits, suggesting possibly higher net
NKR activating signal in T cells with low Y982TCR affinity.

Prevalence of a clonotype in the repertoire, especially in the
repertoires of infants and of the “younger” CD27P** cells in
adults, had the most apparent association with the features of the
V&2 chain known as “sensors” of the pAg-induced changes in the
target. Such features include rearrangement to the J1 region, a
hydrophobic AA5, and, notably, an optimal (shorter) CDR3$
length. Although generation biases such as short-homology-
repeat recombination (33-36) and convergent recombination
(11) play a role in shaping the repertoire, especially that of the
immature cells, the above-described enrichment patterns
remained evident in the analysis of subrepertoires generated by
either mechanism, suggesting the true implication of the pAg-
sensing features in T-cell proliferation, and not solely a reflection
of a generation bias. The enrichment was less pronounced in
adult repertoires, compared to the repertoires of infants,
presumably as a result of the switch from the fetal-type to
adult-type thymic output (36), which is nearly saturated with
pAg-reactive clones.

Analysis of the CD27P°° and CD27"°® populations in the late-
stage profile donors allowed us to correlate distances in
phenotype to CDR38 repertoire dissimilarity. A change in
phenotype from young CD27P°°CD28P** cells to a mature
CD27"¢CD28"8CD16P** profile was associated with extreme
repertoire focusing, suggesting a major proliferation event
preceding maturation, or, alternatively, expansion of the
already mature cells (20). Such inflation remained visible at the
level of the entire V32 compartment in these donors, and both
the visible inflation and mature phenotypes of these cells
suggested preceding antigenic triggers rather than possible
generation bias. Although the enrichment in putative high-
affinity clonotypes was equally evident with increasing
clonotype frequency in the mature CD27"¢CD28"¢CD16"*
cells, the hyperexpanded clonotypes in the terminally
differentiated subpopulation occasionally encompassed
sequences that in theory mediate submaximal pAg reactivity.

Earlier studies of the affT cells highlighted the mechanistic
differences between homeostatic proliferation with the
maintenance of the T-cell memory phenotype that depends on
the strength of tonic TCR signaling, in comparison to massive
expansion with differentiation to the effector phenotype as a
result of antigenic stimulation [reviewed in (37)]. We suggest the
possibility of a similar disparity here: while expansion in the
“young” (naive and central memory) cells, defined here as

CD27P%, clearly showcases the enrichment in the CDR3J traits
associated with TCR binding affinity, the repertoire of the
terminally differentiated CD27"°® population might reflect
additional imprints of the stimuli other than BTNs/pAgs,
which bypass signaling through the TCR. Another argument
supporting the hypothesis of critical (co-)stimulants involved in
massive oligoclonal proliferation seen in late-stage profile donors
is the maintenance of the once-established profile over long time
periods, even under repetitive NBP stimulation (17). Likewise, in
vitro stimulation with pAg or NBPs could not induce such
massive oligoclonal outgrowth from PBMCs (47); however, the
latter study did not specify the phenotype of the cells used for
stimulation experiments.

Sequences that universally possess the key pAg reactivity
features are the (near-)germline public TCRS sequences of
high generation probability (50) shared between the repertoires
of multiple unrelated individuals. The repertoire studies
published to date (7-10, 27, 28, 36, 47) define public sequences
at the AA rather than at the NT level, to highlight the
functionality of a sequence rather than its generation
probability, and to account for convergent recombination (11).
Thus, public V82 clonotypes have recently been shown to
expand in vivo shortly after birth (9, 10) and in vitro after
stimulation with NBP of cord blood-derived Y982 T cells (47).
The more common sequences appear to take more prominent
positions in the infant repertoires, pointing to the functional
relevance of the public sequences at this stage of development
(10). Here we found highly common sequences seen in children
across continents, back in the adult repertoires, whether due to
persistence from early childhood or de novo thymic synthesis at a
later stage. The more common sequences had a higher number of
encoding individual nucleotypes, emphasizing the role of
convergent recombination in sequence sharing. However, we
did not find the most common public sequences to occupy more
repertoire space in adults, suggesting that recombination bias,
while explaining occurrence in multiple unrelated donors, does
not necessarily govern repertoire focusing in an individual
donor. Being uniformly positive for a hAA5, and except for an
occasional J3-rearranged sequence distinguished by a short
length of 11-13 AA, the highly common public & sequences
appeared to confer higher functional avidity when expressed
alongside a fixed v chain, as demonstrated by the TCR transfer
experiment, suggesting their functional advantage. However,
high-dose pamidronate treatment minimized the difference
between the shorter public & chains and the longer private
ones, supposedly through conjugation enhancement and
stabilization of the immunological synapse in case of putative
low-affinity TCRs (13). Remarkably, as the cells differentiate to
effector phenotype in the periphery, public sequences are partly
disappearing. Thus, a decline in the number of public clonotypes
set by the switch in thymic production from the neonatal to
adult-type, more private output (36), is extended further, due to
negative selection in the periphery.

Collectively, our results support the role of the specific
features of the CDR3d as a Y902TCR signaling modulator by
demonstrating their steady enrichment associated with
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clonotypic expansion, and to a lesser extent with the peripheral
repertoire selection in vivo. In addition, our results corroborate
the paradigm of the orderly evolution of the CDR3d repertoire,
rather than its use for random barcoding. In vivo T-cell
homeostatic proliferation is related to J region usage, hAAS5,
and, no less critically, CDR33 length. At the same time, antigen-
driven outgrowth might result in the endorsement of putative
low-affinity sequences at the prominent positions in the
repertoire and the loss of the high-affinity public sequences.

The expression of NK receptors on terminally differentiated
CD8+ ofT cells has been associated with defective TCR
signaling and a shift from TCR-mediated to NKR-mediated
effector functions, including NKG2D-mediated responses (15,
16, 51). Surprisingly, in the majority of the donors, we found
NKG2D expression to decline as y982T cells mature. NKG2D
surface expression could not point to clonotypes with supposed
weak Y982TCR signaling, substantiating the notion of its
constitutive expression that is uncoupled from the Y982TCR
signal strength. In contrast, we observed a bias toward high-
affinity CDR3J features in the surface expression of CD94/
NKG2A(B), corroborating the results of the earlier low-
throughput study (22). The skewed expression of CD94/
NKG2A(B) found here is in line with the activation-inducible
expression of this inhibitory NKR in CD8+ aiT cells (52) and its
low expression on Y932T cells at the early stages of development,
compared to relatively high NKG2D expression already in utero
(19). We consider the observed CDR39 bias a likely explanation
for the recently reported high antitumor responses of the
NKG2AP*® y982T cells (45).

From the translational standpoint, with the advancing field of
YOT cell- and YOTCR-based therapies in mind, the repertoire-
phenotype associations explored in this study are crucial.
Researchers exploring these areas should consider the fact that
donors with the highest numbers of Y982T cells in the periphery,
which are likely to be selected for in vitro experiments, as it is
easy to get sufficient cell numbers, will frequently harbor cells
whose phenotype is largely skewed toward terminal
differentiation and whose repertoire, in turn, will be skewed to
near-oligoclonality, where potentially poorly pAg-reactive
clonotypes may take prominent positions. Concerning the
design of the high-affinity Y982TCR-based therapies (14, 24),
CDR39 features such as the AA5 and CDR3 length are essential,
while J1 region usage might reflect an advantage of the shorter
length. Lastly, as a high-affinity yY962TCR will influence the net
NKR signaling through upregulation of inhibitory receptors, it is
worth modifying this second signal in favor of the activating arm.
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v0 T Cells in the Tumor
Microenvironment—Interactions
With Other Immune Cells

Kok Fei Chan’, Jessica Da Gama Duarte, Simone Ostrouska® and Andreas Behren?*

' Olivia Newton-John Cancer Research Institute, and School of Cancer Medicine, La Trobe University, Heidelberg, VIC,
Australia, 2 Department of Medicine, University of Melbourne, Parkville, VIC, Australia

A growing number of studies have shown that ¥d T cells play a pivotal role in mediating the
clearance of tumors and pathogen-infected cells with their potent cytotoxic, cytolytic, and
unique immune-modulating functions. Unlike the more abundant o T cells, 0 T cells can
recognize a broad range of tumors and infected cells without the requirement of antigen
presentation via major histocompatibility complex (MHC) molecules. Our group has
recently demonstrated parts of the mechanisms of T-cell receptor (TCR)-dependent
activation of Vy9V82* T cells by tumors following the presentation of phosphoantigens,
intermediates of the mevalonate pathway. This process is mediated through the B7
immunoglobulin family-like butyrophilin 2A1 (BTN2A1) and BTN3A1 complexes. Such
recognition results in activation, a robust immunosurveillance process, and elicits rapid yd
T-cell immune responses. These include targeted cell kiling, and the ability to produce
copious quantities of cytokines and chemokines to exert immune-modulating properties
and to interact with other immune cells. This immune cell network includes o T cells, B
cells, dendritic cells, macrophages, monocytes, natural killer cells, and neutrophils, hence
heavily influencing the outcome of immune responses. This key role in orchestrating
immune cells and their natural tropism for tumor microenvironment makes v T cells an
attractive target for cancer immunotherapy. Here, we review the current understanding of
these important interactions and highlight the implications of the crosstalk between v T
cells and other immune cells in the context of anti-tumor immunity.

Keywords: 3 T cells, off T cells, B cells, dendritic cells, macrophages, monocytes, natural killer cells, neutrophils

INTRODUCTION

For the past 37 years, since the first isolation of the TCR 7 gene segment (1, 2), the knowledge
accumulated about the Y0 T-cell lineage has grown exponentially and received strong clinical
interest, especially for cancer immunotherapy development (3-15). Similar to the other two lineages
of lymphocytes in the jawed vertebrates that utilize somatically recombined receptors for
immunosurveillance (B cells and off T cells) (16), TCR heterodimers of yd T cells are generated
through somatic rearrangements of genes encoding for TCR § chain variable (V), diversity (D),
joining (J), and constant (C) gene segments, and TCR 7y chain V, ], and C gene segments at the
thymus (17, 18). Hypothetically, such diverse gene rearrangements can result in a total of 10"
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possible distinct Y0 TCRs (19). Despite the diverse theoretical Yo
TCR repertoire, human 8 T cells can be classified into two major
subsets according to their TCR V3 chain usage: V32"
populations that are usually paired with VY9 chain, and V&2~
populations with diversified Vi chain usage (6, 20). Among all 8
TCR V9 gene segments, V31, V32, and V33 are three commonly
used segments for 6 chain rearrangement (21, 22).

VYy9VE2" T cells are the most abundant V3 cell population
found in peripheral blood and are activated by phosphorylated
non-protein metabolites called phosphoantigens via the
BTN2A1/BTN3A1 complexes in a TCR-dependent manner (3,
11, 23, 24). Phosphoantigens are derived from the mevalonate
pathway as an intermediate metabolite known as isopentenyl
pyrophosphate (IPP) (25), or are generated in the microbial non-
mevalonate isoprenoid synthesis pathway as (E)-4-hydroxy-3-
methyl-but-2-enyl-pyrophosphate (HMBPP) (26). Following
phosphoantigen binding to the intracellular B30.2 domains of
BTN3A1l in tumor or pathogen-infected cells (27), BIN3A1
undergoes a conformational change (28-30) and promotes the
interaction between BTN2A1 and BTN3Al intracellular

domains (31). Subsequently, the germline-encoded regions of
the TCR V79 chain directly bind to BIN2A1 on tumor cells (3,
32, 33), as described by us and confirmed later by others (34-36).
An additional but yet to be identified ligand is likely to bind to a
separate region within the complementarity-determining region
286 (CDR26) and CDR3y of the Vy9Vd2 TCR for
phosphoantigen-mediated VY9V32" T-cell activation (3, 33). In
concert with BTN2A1, the phosphoantigen-induced
conformational change of BTN3A1 then leads to Vy9Va2* T-
cell activation (31, 33-36) (Figure 1). Accordingly, dysregulation
of the mevalonate pathway in tumors was shown to cause
activation of VY9V&2" T cells via IPP accumulation (37) and
induced yd T-cell chemotaxis toward tumor cells (38, 39).
Activated VY9V82" T cells are capable of inducing cytotoxicity
via secretion of Thl cytokines such as tumor necrosis factor-o
(TNF-0) and interferon-y (IFN-y), pro-apoptotic protease
granzyme B, and cytolytic granules containing pore-forming
perforin molecules (40-44). Therefore, many clinical studies
used aminobisphosphonates (e.g., zoledronate and
pamidronate) to inhibit farnesyl pyrophosphate synthase in the

Antibody-opsonized
tumor cell
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FIGURE 1 | Schematic representation of TCR-dependent and phosphoantigen-mediated recognition of tumor cells by VyOV82* T cells and the acquisition of
professional APC function by activated VyoV82" T cells to cross-present TAAs to antigen-specific CD4* and CD8" af T cells. During the Vy9V82* T-cell activation
process, accumulated phosphoantigens in tumor cells bind to the intracellular B30.2 domain of BTN3A1. Following phosphoantigen binding, BTN3A1 undergoes
conformational changes and induces the interaction between the intracellular domains of BTN2A1 and BTN3A1. BTN2A1 directly binds the TCR Vy9 chain and leads
to T-cell activation in concert with at least one additional ligand. Activated Vy9V82* T cells can recognize antibody-opsonized tumor cell via CD16 (FcyRlll) and are
licensed to acquire professional APC function via trogocytosis, phagocytosis, and pinocytosis and cross-present antigens from tumor cells to antigen-specific CD4*

and CD8" af T cells.
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mevalonate pathway to promote accumulation of IPP in cells, or
synthetic phosphoantigen analogues such as bromohydrin
pyrophosphate (BrHPP) and 2-methyl-3-butenyl-1-
pyrophosphate (2M3B1PP), to activate Vy9V82" T cells in
cancer patients (19, 45-47). In recent years, however, agonist
antibodies against BTN3A such as clone 20.1 (48-51), CTX-2026
(52), and ICT-01 (53) have been explored as a phosphoantigen-
independent approach to activate Vy9V82" T cells for targeted
cell killing. Moreover, Vy9V82" T cells can be activated by other
ligands including human MutS homolog 2, stress-induced MHC
class T chain-related antigens A and B (MICA/MICB), UL16-
binding proteins (ULBPs), nectin-like-5, staphylococcal
enterotoxins (SEs), toxic shock syndrome toxin 1 (TSST-1),
and F1-ATPase-apolipoprotein-Al through surface receptors,
natural killer group 2D (NKG2D), and DNAX accessory
molecule-1 (DNAM-1) (12, 13, 17, 19, 54, 55). Other than

direct targeted cell killing, activated Vy9V32" T cells have been
implicated to directly or indirectly interact with a range of
immune cells: o T cells (56-63), B cells (64-72), natural killer
(NK) cells (73-75), monocytes (76-78), macrophages (79-82),
neutrophils (78, 83-86), monocyte-derived dendritic cells
(moDCs) (87-93), and DCs (72, 76, 94-96), and influence the
outcome of the immune responses. The underlying mechanisms
of such yd T-cell crosstalk with other immune cells are
summarized in Table 1 and will be thoroughly discussed in the
following sections.

The non-V32 ¥8 T cells are mostly identified with V81" or
V33" TCR chain usage and are localized in the skin, large intestine,
spleen, and liver (6, 12, 54). Several studies have shown that V81"
v0 T cells recognize CD1c-phosphomycoketide (110), CD1d-0.-
GalCer (111), CD1d-sulfatide (112, 113), R-phycoerythrin (PE)
(114), ephrin receptor A2 (EphA2) (115), and MHC-related

TABLE 1 | Summary of distinct y8 T-cell subset interactions with other immune cells.

W T- Crosstalk target Comments References
cell
subset
Pan-yd CD4* and CD8" Activated y8 T cells were capable of professional phagocytosis to mediate presentation of antigens to CD4* and CD8" o3 (62, 97, 98)
of T cells T cells
CD4* and CD8" Tumor-activated yd T cells induced proliferation and differentiation of CD4* and CD8" o T cells, mediated cytotoxic (99)
of} T cells; CD4* function of CD8* o} T cells and inhibited immunosuppression effect by CD4* CD25" Treg cells on CD4" CD25™ o T cells
CD25" Treg cells
B cells Phosphoantigen-activated yd T cells provided B-cell help for the downstream production of IgA, 19G, and IgM antibodies (68)
NK cells IPP-activated y8 T cells upregulated CD137L expression and co-stimulated CD25™, CD54", CD69", CD137" NK cells via (73, 75)
CD137/CD137L (4-1BB/4-1BBL) interactions to promote NK cell-mediated cytotoxicity against tumors
NK cells IPP-activated y8 T cells expressed ICOS and co-stimulated NK cell activation through ICOS/ICOS-L interactions, leading to (100, 101)

increased CD137/CD137L signaling and acquisition of NK cell-mediated DC editing function

V81" CD4" and CD8*

Activated V31" v8 T cells suppressed proliferation and IL-2 production by both CD4* and CD8* o T cells and impaired the (102)

of T cells; DCs maturation and function of DCs. The suppressive activity of activated V31" y8 T cells was mediated by TLR8 signaling
pathway

DCs Tumor-derived CXCL10 increased the expansion of V31* v Treg cells that infiltrated solid tumors and either induced (102-107)
immune-senescence in DCs or killed DCs

Ve2* CD4* off T cells IPP-activated VyQV&2* T cells acquired professional APC functions by upregulating expression of co-stimulatory (CD40, (56)

CD80, and CD86), MHC class Il and lymph node-homing CCRY7 receptors, presented exogenous antigen and induced
naive autologous CD4" o T cells to proliferate and differentiate into T helper, Th1 subset

CD8" off T cells IPP-activated HLA-A2" VyAVa2* T cells could uptake soluble antigens, processed and cross-presented immunodominant (57-61)
or subdominant HLA-A2-restricted peptides and primed naive CD8* af T cells for proliferation and effector cell function

CD8" off T cells IPP-activated VyQV&2* T cells upregulated CD36 expression to mediate apoptotic and live tumor cells uptake, cross- (108)
presentation, and induction of TAA-specific CD8* o T-cell response

B cells VYOV82* T cells promoted the development of antibody-producing B cells via immunoglobulin class switching (65-67, 69)

B cells Activated Vy9V82" T cells with functional CCR7 expression induced transient lymph node-homing and clustering within B- (64, 68)
cell zones of germinal centers in lymphoid tissues

NK cells IPP-activated V82" vd T cells induced cytotoxicity against CD56* DC-like cells and prematurely terminated NK cell (74)
response

Monocytes IPP- or HMBPP-activated V82" v8 T cells induced downregulation of CD14, and upregulation of CD40, CD86, and HLA-DR (76, 77)
on monocytes

Macrophages Macrophages recruited V32" v8 T cells to the site of infection via IP-10 and CXCR3; once there they were able to drive the (79-82)
local cytotoxic response via granzyme and perforin release or Fas ligand binding

Neutrophils IPP- or HMBPP-activated VyOV82* T cells can induce neutrophil recruitment, migration, adhesion, activation, phagocytosis, (78, 83, 86)
and degranulation

Neutrophils TNF-a secretion by y8 T cells induces reactive oxygen species, arginase-1, and serine protease production from (84-86)
neutrophils, which subsequently inhibits CD25 and CD69 expression, IFN-y production, and cell proliferation of V§2* y§ T
cells

DCs Activated Vy9V82™ T cells secreted IFN-y and TNF-o. and promoted maturation of antigen-expressing immature moDCs in (87-91, 93)
circulation

Va3* DCs Activated V83" yd T cells induced immature moDCs to upregulate APC markers CD40, CD83, CD86, and HLA-DR and (109)

secreted IL-10 and IL-12. V83" vd T cell-mediated moDC maturation involved CD1d recognition but not CD40/CD40L
interaction. V83" vd T cell-matured moDCs induced activation of naive allogeneic T cells.
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protein 1 (MR1) (116) ligands, and play a crucial role for anti-
tumor responses (117-124). Similar to V82" y8 T cells, the
NKG2D-expressing V1" 8 T cells can be activated by stress-
inducible MICA/MICB and ULBP1-6 family proteins, which are
frequently upregulated in tumor cells (8, 11). Ligand-bound
NKG2D induces cytolytic functions of 8 T cells via granzyme B
and perforin secretion to mediate tumor cell killing (125). Several
studies have utilized V31" yd T-cell populations for adoptive
cancer immunotherapy (8, 10, 126), but the clinical outcome so
far was limited. The less frequent V33" ¥3 T cells were shown to
recognize and kill CD1d" target cells (109) and are activated by
annexin A2 ligands on tumor cells that are upregulated under
oxidative stress conditions (127). Interestingly, the binding affinity
of the V81" and V33" ¥d TCR ligands identified thus far falls
within the range of 3 to 150 uM (55, 128), comparable to the well-
studied oy TCR binding affinities for the peptide-MHC complex
(129, 130), suggesting a possible shared TCR docking footprint on
the bound ligand (131). With the increasing numbers of non-V32
Y0 T-cell ligands uncovered so far (8, 55, 116, 132), different
strategies have been developed to utilize activated non-Vo2 y8 T
cells for cancer immunotherapy (10, 19, 128). Of note, activated
non-Vo&2 ¥d T cells have also been implicated to modulate other
immune cells (Table 1) including o T cells (102), B cells (133-
135), DCs (89, 102-107, 109, 136, 137), macrophages (70, 138),
and neutrophils (139).

Human V82" y8 T cells represent ~0.5% to 10% of all
circulating T lymphocytes in healthy adults and can undergo
rapid expansion of up to 60% in the periphery during infections,
and form between 20% to 30% of total infiltrating CD3" T cells in
the early stage of disease onset (11, 17). Activated V81" and V82"
Y0 T cells upregulate various C-C chemokine receptor (CCR)
such as CCR1 and CCRS8 (140), CCR2 (141), CCR5 (142), and C-
X-C chemokine receptor 3 (CXCR3) (107) to mediate infiltration
into the tumor microenvironment (TME). Additionally, tumor
cells and tumor-derived fibroblasts express chemokine ligand 2
(CCL2) (141), IFN-y-inducible protein 10 (IP-10) (107),
monocyte chemoattractant protein 1 (MCP-1), macrophage
inflammatory protein 1o (MIP-1at), MIP-1, and regulated on
activation, normal T cell expressed and secreted (RANTES) to
promote recruitment of activated V31" and V82" y8 T cells to the
TME (140). Once recruited into the TME, tumor-infiltrating
V81" and V82" ¥8 T cells can eliminate tumor cells via TNF-
related apoptosis-inducing ligand (TRAIL) (143), Fas/Fas ligand
pathway (144), induction of antibody-dependent cellular
cytotoxicity (ADCC) on antibody-opsonized tumor cells
through CD16 (FcyRII) (60, 145, 146), perforin/granzymes,
IFN-Y/TNF-a. secretion, and NKG2D-mediated cytotoxicity
(13, 147). As a result of the complex interplay between TME
and tumor-infiltrating y& T cells, activated Y0 T cells can be
functionally polarized to become the anti-tumor Thl and
follicular Th (Tfh) cells or the pro-tumor Th17 and T
regulatory (Treg) cells (12, 132). For example, IPP-activated
Vy9V82* T cells can be polarized into three distinct subsets
based on the presence of different cytokines in the
microenvironment: Thl [interleukin-12 (IL-12) and anti-IL-4
antibody] (148), Th2 (IL-4 and anti-IL-12 antibody) (148), and

Th17 [IL-1B, transforming growth factor B (TGF-B), IL-6 and
IL-23] (149). Recent reviews on the topic of Y0 T-cell polarization
has provided comprehensive insight into the different role of yd
Th1, Th2, Th17, Tth, and Treg cells, and we refer readers to these
excellent publications (7, 8, 11, 54, 150-153).

Importantly, the presence of tumor-infiltrating ¥ T cells was
shown to be the most favorable prognostic marker for overall
cancer patients survival in 25 different cancer types and solid
tumors (non-brain tumor) (4). Their role in cancer
immunosurveillance was clearly evidenced and validated in
many tumor models and clinical studies including cutaneous
carcinoma (154), melanoma (119, 155, 156), lymphoma (157-
159), leukemia (44, 117, 160, 161), gastric (162), colorectal (43,
163, 164), kidney (41), prostate (165, 166), and pancreatic (143)
cancers. The ability of Y8 T cells to produce large quantities of
cytokines and chemokines rapidly and their tendency to reside in
blood circulation or in non-lymphoid tissues (e.g., skin,
intestines, and lungs) (8, 16, 17), helps to provide the first line
of immunosurveillance against aberrant cell growth and
infectious diseases, and bridges the innate and adaptive
immune responses. Thus, it is important to understand the
crosstalk between Y0 T cells and other immune cells in the
TME and to harness this knowledge for effective cancer
immunotherapy development.

CROSSTALK BETWEEN 75 T CELLS AND
of T CELLS

The role of antigen processing and presentation to oy T cells is
mostly associated with the classical professional antigen-
presenting cells (APCs) like DCs, macrophages, and B cells
(167, 168). However, with the unexpected discovery by
Brandes et al., it was shown that activated but not resting
human Vy9V82* T cells were also capable of acquiring
professional APC functions (56). Indeed, activated VyovVa2* T
cells isolated from both healthy individuals and cancer patients’
peripheral blood mononuclear cell (PBMC) exhibited potent
APC functions to stimulate robust antigen-specific oy T-cell
responses (169).

During the activation process, human Vy9V32* T cells can
rapidly gain APC functions by upregulating co-stimulatory
(CD40, CD80, and CD86), MHC class I and II molecules (56,
57, 61, 62, 97, 108, 169), and transiently expressed lymph
node-homing markers, chemokine receptor CCR4 and CCR7
(62, 68, 97). This allows recruitment of activated Y0 T cells
from the peripheral sites to secondary lymphoid tissues for
antigen presentation and bridges the early phase of rapid
innate-like yd T-cell response to microbial or tumor antigens
with the later phase of adaptive immune response involving
the antigen-specific CD4" and CD8" off T cells (14, 15, 17,
168, 170). In a study by Himoudi et al., it was shown that
activated human Vy9V32" T cells were “licensed” to acquire
their APC functions through recognition of antibody-
opsonized tumor cells, mediated targeted cell killing by their
innate cytotoxicity, and subsequently helped to release tumor-
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associated antigens (TAAs) into the surrounding
microenvironment (60). These TAAs can be taken up by
activated yd T cells via phagocytosis (62, 97, 98, 108),
trogocytosis (171), or pinocytosis (57, 58), processed and
presented on the cell surface for priming and induction of
naive ofy T cells (59, 60) (Figure 1). Furthermore, it
was shown that VY9V82" ¥8 T cells can uptake microbes
and soluble antigens via CD16-mediated phagocytosis, a
process that can lead to functional antigen processing and
presentation on MHC class II (98), and cross-presentation of
immunodominant MHC class I peptides to antigen-specific
CD8" af T cells (58, 60, 61). This notion was further
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FIGURE 2 | An overview of the intricate network of immune interactions between y3 T cell and other immune cells in the tumor microenvironment. Activated y5 T
cells express different surface receptors and molecules (y8 TCR, ICOS, MHC class | and I}, ligands (CD40L, CD137L, FasL, and PD-L1), cytokines (IFN-y and TNF-
o), and GM-CSF for contact-dependent and independent crosstalk with tumor cells, CD4* and CD8* o T cells, NK cells, DCs, macrophages, and neutrophils.
Activated v8 T cells cross-present antigens to CD4* and CD8"* o8 T cells; induce B-cell immunoglobulin class switching; co-stimulate NK cells via CD137/CD137L
and ICOS/ICOS-L interactions; induce upregulation of CD40, CD86, and HLA-DR expression on monocyte; promote DC maturation via CD40/CD40L and Fas/FasL
interactions; and inhibit the immunosuppression function of CD4* CD25* FoxP3* Treg cells on CD4* o T-cell activity. In contrast, activated y8 T cells can also
suppress DC function (downregulation of CD80, CD83, CD86, HLA-DR, IL-1B, IL-6, and IL-12) and mediate DC kiling via perforin release. Butyrophilin 2A1 and 3A1
(BTN2A1 and BTN3AT1); cyclooxygenase-2 (COX2); granulocyte-macrophage colony stimulating factor (GM-CSF); granzyme B (GzmB); human leukocyte antigen-DR
(HLA-DR); immunoglobulin A, E, or G (IgA, IgE, or IgG); inducible T-cell co-stimulator (ICOS); ICOS ligand (ICOS-L); interferon-y (IFN-y); major histocompatibility

(MICA and MICB); natural killer group 2D (NKG2D); programmed cell death 1 (PD-

1); PD-1 ligand 1 (PD-L1); prostaglandin E2 (PGE2); reactive oxygen species (ROS); T-cell receptor (TCR); tumor necrosis factor-a. (TNF-a); UL16-binding protein

supported by the identification of Vy9V32" T cells in
malaria patients that readily acquired APC functions upon
infection and induced CD4" and CD8" off T-cell activation
(61). Interestingly, it was also demonstrated that activated
VyoVd2" T cells can uptake CD1d-containing membrane
fragments from phosphoantigen expressing Cdld’ target
cells via trogocytosis, leading to the presentation of CD1d-
restricted antigen and the activation of Vo24VB11" invariant
natural killer T cells (iNKT) (172).

When compared to activated oy T cells and monocytes,
activated Vy9V&2" T cells were shown to be more efficient in
presenting antigens and induced 100-fold higher proliferative
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responses in naive CD4" oy T cells (56). Activated VY9OV&2" T
cells were also able to cross-present antigens to CD8" o T cells
with a higher efficiency and reproducibility (57), and induced
less CD4* CD25M FoxP3* Treg cell expansion than moDCs (59).
Similar results were seen under pathological condition, when it
was shown that Y3 T cells isolated from gastric cancer patients
can acquire APC functions upon activation with cells
derived from autologous tumor tissues (99). These clinically
relevant tumor-activated y§ T cells induced strong antigen-
specific CD4" and CD8" off T-cell responses and prevented
immunosuppression mediated by CD4" CD25" Treg cells (99)
(Figure 2). Of note, Muto et al. showed that resting VyoVé2" T
cells can significantly upregulate the expression of scavenger
receptor CD36 during activation and that this was mediated by a
key transcription factor, CCAAT/enhancer-binding protein o
(C/EBP0), that supports acquisition of APC functions in
activated Vy9V32" T cells (108). In contrast, resting o T cells
expressed a low level of CD36 and did not upregulate it upon
activation (108). In DCs and macrophages, the CD36 receptor
was shown to facilitate the uptake of apoptotic cells and cross-
presentation (173, 174), potentially explaining the induction of a
stronger antigen-specific oy T-cell response by activated
VY9V62" T-cell APC.

The ability to migrate to the tumor site and cross-present
TAAs to o} T cells was also retained when V81" and V82" v8 T
cells were engineered to express tumor-specific chimeric antigen
receptors (CARs) and resulted in an increased cytotoxic level
against tumor cells (175). Hence, activated Vy9V32" T cells can
process and present antigens and provide critical co-stimulatory
signals to prime and induce naive CD4" (56) and CD8" (57) o8
T cells for proliferation, differentiation, and cytokine production
and to mediate cytotoxic responses against tumors and
pathogen-infected cells (176-179). This remarkable ability of
YO T cells to uptake and present antigens and prime ofy T cells
has been highlighted by Vantourout et al. (168), and the
accumulated data so far have illustrated the potential of
harnessing the APC functions of ¥0 T cells to crosstalk with
of T cells for immunotherapy development.

Given their natural tropism for TME (14, 119, 175, 180-182),
activated Y0 T cells could hence be utilized to prolong the
intratumoral immune response by cross-presenting TAAs to
other tumor-infiltrating lymphocytes and provide an early
source of IFN-y to expand and increase immunogenicity of
TAA-specific afy T cells within the TME (155, 183, 184), and
to upregulate expression of MHC class I and II on tumor cells
(185, 186) for afy T cell-mediated killing (Figure 2). The
presence of tumor-infiltrating ¥ T cells within the TME as
revealed by genomic data analysis in over 18,000 human tumors
has uncovered a strong correlation to good prognosis (4). In the
context of cancer immunotherapy, the capability of activated Yo
T cells to cross-present TAAs to off T cells could be further
boosted through the “licensing” pathway (60, 187) by using
therapeutic monoclonal antibodies against tumor cells, e.g.,
rituximab (anti-CD20) and trastuzumab (anti-HER2/neu) (145,
188, 189). Such combination treatment could greatly improve the
outcome of yd T-cell cancer immunotherapy.

Activated Vy9V32" T cells can also modulate oy T-cell
activity indirectly by co-stimulating NK cells via inducible T-
cell co-stimulator (ICOS)/ICOS-L and CD137/CDI137L
engagements to enhance IFN-y and TNF-o. production (100,
101), which, in turn, helps to support o T-cell activation (190).
Another study has shown that activated Vy9V82" T cells can
induce B-cell and DC maturation and subsequently leads to
alloreactive stimulation of of8 T-cell proliferation and IFN-y
production by mature B cells and DCs (72). The interactions
between Y0 T cells and other immune cells (B cells, DCs, and NK
cells) will be discussed later in this review.

Despite their ability to exert positive immune modulation
functions on o T cells, activated Y0 T cells can also negatively
regulate oy T-cell response by upregulating an immune
checkpoint inhibitory ligand, programmed cell death 1 ligand 1
(PD-L1) (11, 151, 191). The suppressive phenotype of activated
V82" ¥8 T cells on autologous aff T cells was shown to be
mediated by the PD-1/PD-L1 interactions and correlated well
with the strength of V32" ¥ TCR signaling during the activation
process but was independent of TGF-B and FoxP3 expression
(192) (Figure 2). Daley et al. showed that tumor-infiltrating Y5 T
cells with high expression levels of checkpoint inhibitory ligands
PD-L1 and Galectin-9 could inhibit oy T-cell activation through
checkpoint receptor ligation (193). The immunosuppressive
effect can also be mediated by the interaction between CD86
on activated V82" y8 T cell and cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4) on activated off T cells (191).
Such ¥ T cell-mediated immunosuppression of oy T cells,
however, can be significantly reduced by disrupting PD-1/PD-
L1 and CTLA-4/CD86 interactions with blocking antibodies
(191, 192). Furthermore, Peng et al. identified tumor-
infiltrating V81" ¥8 T cells that could suppress naive/effector
o3 T-cell proliferation and IL-2 production through the Toll-like
receptor (TLR) 8 signaling pathway and may lead to tumor
immune escape (102). The immunosuppressive activity of V61"
¥O T cells can be reversed using TLR8 ligands, and this signaling
involved the myeloid differentiation primary response 88
(MyD88), TNFR-associated factor 6 (TRAF6), IKB kinase o
(IKKo), IKKP, and mitogen-activated protein kinase 14
(MAPK14), but not transforming growth factor-f-activated
kinase 1 (TAKI1), Jun N-terminal kinase (JNK), and
extracellular signal-regulated kinase (ERK) molecules in V81"
vd T cells (102). It was also reported that y3" NKG2A"
intraepithelial lymphocytes (IELs) can mediate suppression of
CD8" aff” IEL cytotoxic responses (IFN-y and granzyme B) in
patients with celiac disease through TGF-} secretion (194). The
immunosuppressive effect on CD8" off" IELs can be further
enhanced upon Y8" IELs NKG2A receptor ligation with the
cognate ligand, human leukocyte antigen-E (HLA-E) (194).
This immunosuppressive effect can be reduced by blocking
NKG2A/HLA-E interaction and TGF-f with blocking
antibodies (194). Therefore, it is important to consider these
negative immunomodulatory roles of ¥ T cells when designing
novel immunotherapeutics.

Apart from the PD-1/PD-L1 and CTLA-4/CD86 immune
checkpoint axes, other non-conventional checkpoint
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receptors [killer Ig-like inhibitory receptors (KIRs), Ig-like
transcript 2 (ILT-2), and NKG2A] can be expressed on
Vy9Va2™ T cells, inhibit their cytotoxic function, and
prevent tumor cell lysis upon recognition of specific HLA
class I ligands on tumor cells (195-203). In this context, the
presentation of HLA class I molecules on tumor cells can be a
double-edged sword. On one hand, it facilitates the
presentation of antigenic peptides to activate CD8" off T
cells, but at the same time, it can also inhibit the activation
of VY9V32" T cells. Such inhibitory signals on immune cells
mediated by KIRs, ILT-2, or NKG2A can be blocked using
monoclonal antibodies targeting KIRs (lirilumab and
IPH4102), ILT-2 (anti-ILT-2, anti-HLA-GI, anti-FasL), or
NKG2A (monalizumab) (204, 205). In a study by Andre
et al., treatment with monalizumab indeed led to enhanced
anti-tumor immune responses elicited by T and NK cells
(206). As a type 2 inhibitory membrane receptor, NKG2A
carries cytoplasmic immunoreceptor tyrosine-based
inhibitory motifs (ITIMs) and forms heterodimers with
CD94 to recognize non-classical HLA-E molecule (207).
Many human tumors have been shown to express HLA-E
including in the colon, cervical, endometrial, head and neck,
liver, lung, pancreas, ovarian, and stomach (206). Moreover, a
majority of Vy9V82" T cells in healthy individuals express
NKG2A/CD%4 (197, 198, 200, 208), and the expression levels
can be induced by IL-15 and TGF-f (209, 210). Therefore,
treatments targeting these non-conventional checkpoint
receptors on VY9V32" T cells (KIRs, ILT-2, and NKG2A) to
disrupt the interactions with their respective HLA class I
ligands on tumor cells (HLA-C, HLA-G, and HLA-E) may
help to enhance the effectiveness of Vy9Vd2" T cell-based
tumor immunotherapy.

Recent work by Payne et al. suggests that BTN3A, itself part of
the molecular complex required for phosphoantigen-mediated
activation of VyoVa2" T cells, can also inhibit tumor-reactive
CD8" aff T cells when bound to N-mannosylated residues of
CD45 by preventing its segregation from the immunological
synapse (52). In this study, the suppression of off T-cell
activation was shown to involve BTN3A1 but not BTN2A1, and
the immunosuppressive effect could be blocked by BTN3Al-
specific monoclonal antibodies such as clone 20.1, 103.2, and
CTX-2026 (52). Targeting BTN3A1 with the agonistic antibody
CTX-2026 induced BTN3A1 switching from immunosuppressive
to immunostimulatory conformations and promoted coordinated
Vy9V62" and CD8" of3 T-cell anti-tumor responses against
BTN3A1" tumors (52). Hence, BTN3Al may be an attractive
immune target for intervention to orchestrate effective and
coordinated Y0 and o8 T-cell anti-tumor responses.

CROSSTALK BETWEEN 6 T CELLS AND
B CELLS

Y0 T cells have been previously reported to interact with B cells
and modulate their immune functions (5, 8, 168, 211, 212).

VY9V82" T cells can adopt a role similar to T follicular helper
(Tth) cells and provide B-cell help, thereby regulating B-cell
maturation. Specifically, a subset of CXCR5" Vy9V&2" T cells
present in circulation and in tonsil tissue expresses co-
stimulatory molecules (ICOS and CD40L) upon antigen
stimulation and secrete cytokines (IL-2, IL-4, and IL-10),
which can promote the development of antibody-producing B
cells via immunoglobulin class switching [including
immunoglobulin A (IgA), IgE, IgGl1, IgG2, 1gG3, and IgG4] (8,
213, 214) in the extra-follicular or within germinal centers (65—
67, 69) (Figure 2). Furthermore, upon stimulation with IL-21
and HMBPP, activated tonsillar VyY9V&2" T cells can express
CXCL13 receptor, CXCR5, induce lymphoid-homing phenotype
and clustering in germinal centers, and sustain the production of
germinal centers (70, 71). Similarly, IPP-stimulated V82" yd T
cells with functional CCR7 expression can also induce transient
lymph node-homing, migration, and clustering of V82" v T
cells within B-cell zones of germinal centers in lymphoid tissues
(64, 68).

Phosphoantigen-activated V82" y8 T cells can additionally
induce the expression of B-cell co-stimulatory molecules
(CD40L, OX40, CD70, and ICOS) and affect the downstream
production of circulating IgA, IgG, and IgM antibodies by B cells
(68). In patients with specific mutations (RAGI and CD3D) that
impair of3 T-cell function, ¥d T cells are responsible for hyper-
IgE syndromes or the elevated production of circulating IgA,
IgG, and IgM (215, 216). Y0 T cells can also suppress antibody
responses via the induction of CD4" Foxp3™ Treg cells (217).
Conversely, some B cells can express BTN2A1 and BTN3Al,
required for Vy9V82" T-cell activation (33-35), thereby directly
influencing V82" 8 T-cell activation (218, 219) as shown by
early studies using Daudi cells, a B-cell malignancy cell line
(Burkitt’s lymphoma) (220-226). Vy9V82™ T cells can directly
engage BTN2A1 expressed on B cells via the TCR VY9 chain (3,
32-36, 227), and in concert with BTN3A1, this results in
VY9V32" T-cell activation and expansion (101, 212). Hebbeler
et al. showed that the VY9V&2" T cells activated and expanded by
phosphoantigen or Daudi B lymphoma cells use public TCR VY9
clonotypes, and elicit comparable cytotoxic responses against
tumor cells (228). Further investigations revealed that the
germline-encoded region between TCR VY9 CDR2 and CDR3
is responsible for contacting BTN2A1 on target cells (33, 34).
Such findings indicate the inherent property of TCR VY9 to
recognize diverse range of cell types that express BTN2A1
including B cells (212, 227-229). In addition to BTN2A1 and
BTN3A1, B cells also express other closely related BTN
molecules such as BTN3A2 (in naive or germinal center B
cells), BIN3A3 (in memory B cells), BIN1A1l, and BTN2A2
(3, 50). The contribution of these other BTN molecules in B cells
for y0 T-cell activation remains elusive. Similarly, circulating
activated B7* CD39" B cells can stimulate V81" yd T-cell
proliferation (133, 134). The V81" yd T-cell stimulatory ligand
is upregulated in B cells upon activation and can induce
polyclonal V31" 8 T-cell responses (133). This B cell-
mediated immunostimulatory effect on V31" yd T cells can be
blocked with antibodies against B7 and CD39 (133, 212).
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In summary, VY9V32" T cells can regulate B-cell maturation
during development or initiation of an immune response, sustain
the production of germinal centers within secondary and
possibly tertiary lymphoid structures, and affect the production
of circulating (auto)antibodies for humoral immunity (168, 211,
212), while B cells can activate V81" and Vy9V82™ T cells (230).

CROSSTALK BETWEEN 6 T CELLS AND
NK CELLS

Human NK cells are important innate immune subset for
controlling early tumor growth and metastasis through cell-
mediated cytotoxicity and show broad reactivity to tumors that
escaped immunosurveillance by loss or aberrant MHC class I
expression (14, 231, 232). Being a specialized group of innate
lymphoid cells (ILCs), NK cell functions are closely regulated by
a range of cytokines such as IFN-y, TNF-a, IL-2, IL-12, IL-15, IL-
18, and IL-21 (233, 234). These effector molecules are important
for the initiation of anti-viral and anti-tumor immune responses
(235-238). However, more established tumors can evade NK cell
surveillance by developing resistance to NK cell-mediated
cytotoxicity, leading to tumor immune escape (239).

In order to overcome NK-resistant tumors, Maniar et al. showed
that activated human NK cells (CD25hi, CD54", CD69", and
CD137") increased surface expression of natural NKG2D
receptors to promote tumor cytolysis and death (73). NKG2D is a
lectin-like type 2 transmembrane receptor mostly expressed by
human NK cells and binds to MHC-related ligands such as
ULBPs, MICA, and MICB, which are highly expressed in tumor
cells but rarely in healthy cells (231, 240). IPP-activated V82" y0 T
cells upregulate CD137L (4-1BBL), engage with CD137" NK cells,
and can in turn lead to enhanced NKG2D expression and NK cell-
mediated cytotoxicity against tumors (73) (Figure 2), highlighting a
potential key role for Y3 T cells in this process. CD137 or 4-1BB is a
member of the tumor necrosis factor receptor superfamily
(TNFRSF) and is expressed by a range of immune cells (190).
Expression of CD137 on NK cells is induced by IL-2 and IL-15, and
following CD137 signaling, it promotes NK cell proliferation and
production of IFN-vy, which, in turn, can support NK tumor effector
functions (101, 190). This finding was further corroborated by Liu
et al., and they demonstrated that in the context of liver fibrosis, Y0 T
cells engaged with conventional and liver-resident NK cells through
CD137/CD137L interactions to promote NK cell-mediated
cytotoxicity against activated hepatic stellate cells and conferred
immune protection (75).

Similar to NK and CD8" o T cells, human y3 T cells also
express NKG2D to detect stress-inducible ligands on tumors and
pathogen-infected cells (125, 241-245). Several studies have
shown that NKG2D ligation to its cognate ligand can co-
stimulate Vy9V82" T-cell activation (CD25 and CD69
upregulation) and promotes the release of IFN-y, TNF-o, and
cytolytic granules to mediate killing of NKG2D ligand-

expressing tumors (163, 246-251). In the context of leukemia
and lymphoma cell recognition by Vyova2" T cells, it was
reported that tumor-expressed ULBP1 was a strong marker for
tumors susceptible to VyoVd2" T cell-mediated cytotoxicity
(252). Similarly, it was shown that ULBP1 overexpression in
tumor cells can lead to enhanced killing by Vyova2" T cells
(253). Hence, blocking NKG2D-mediated Vy9Vd2" T-cell
recognition of tumor cells with anti-NKG2D and anti-MICA/B
monoclonal antibodies inhibits tumor cell killing to varying
degrees (247, 249, 253). V381" v8 T cells can also recognize and
kill NKG2D ligand-expressing tumors via NKG2D receptor (8,
11, 245, 254). The number of V81" ¥d T cells and ULBP3
expression level are negatively correlated with disease
progression in chronic lymphocytic leukemia patients (254). A
study reported by Kamei et al. demonstrated a longer overall
survival in gastric cancer patients with high expression levels of
NKG2D and ULBP1 (255). Hence, upregulation of stress-
inducible NKG2D ligand in tumor cells and NKG2D receptor
in tumor-infiltrating immune cells can help to orchestrate
concerted NKG2D-mediated NK, CD8" a3, and yd T-cell anti-
tumor responses within the TME. Of note, several anti-cancer
drugs have been found to induce expression of NKG2D ligand in
tumor cells, including the proteasome inhibitor bortezomib and
the alkylating agent temozolomide, and these can help to
promote tumor cell lysis by NK and y8 T cells (256, 257).
Therefore, it is feasible to target NKG2D and its ligands for yd
T cell-based immunotherapy development.

It was later shown that IPP-activated VyY9V82" T cells can
upregulate ICOS and signal NK cells via ICOS/ICOS-L
engagement to promote CD69 and CD137 expression, which
then leads to enhanced production of IFN-y, TNF-a, MIP-1, I-
309, RANTES, and soluble Fas ligand by activated NK cells (100).
Such ICOS/ICOS-L-mediated crosstalk enables NK cells to
acquire the “license” to kill mature DCs that may play a role in
inflammation and tumor growth (100). These studies have
uncovered the immunomodulatory role of IPP-activated
Vy9Va2" T cells to circumvent NK-resistant tumors and to
promote NK-mediated DC editing function by modulating NK
cell cytotoxicity through CD137/CD137L and ICOS/ICOS-L
engagements (73, 101) (Figure 2). Such findings will provide
an alternative strategy for y0 T cell-based immunotherapy
development against difficult-to-treat solid tumors or to
prevent metastasis (239, 258, 259).

However, NK cell activity can also be negatively regulated
by ¥8 T cells. Zoledronate-activated V82" y8 T cells not only
can co-stimulate early NK cell activation for IFN-y production
but also lead to premature ending of the response by inducing
cytotoxicity against CD56" DC-like cells (74). In the absence
of activated V82" y8 T cells, CD56" DC-like cells survived (74)
and maintained NK cell activity through secretion of NK cell-
activating cytokines such as IL-1B and IL-18 (260, 261).
Therefore, further studies will help to provide a better
understanding of the immunosuppressive role of V82" y§ T
cells on NK cells.
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CROSSTALK BETWEEN 5 T CELLS AND
MONOCYTES/MACROPHAGES

Y0 T cells share many of their innate functions with other
immune cell subsets, including NK cells, monocytes, and
macrophages (56, 98, 262, 263). These are integral to the
innate inflammatory response against infectious pathogens
and tumors, which, in turn, activates a strong and targeted
adaptive immune response (170). While the hallmark of
VY9VE2™ T cell is recognition of phosphoantigens produced
by bacteria-infected or tumor cells (25, 264), monocytes are
adept at potentiating this process by taking up and
accumulating phosphoantigen for subsequent presentation
to ¥O T cells (262, 263). Conversely, the prototypical roles of
myeloid cells, such as phagocytosis and MHC class II
presentation, are also shared by Vy9Va2" T cells, which can
act as professional APCs (56, 98). The close interconnection
between these cell types and partial redundancy in functional
properties denotes multiple implications for tumor immunity.

VYOVE2" T cells have been shown to activate monocytes, induce
adhesion and aggregation, and increase their survival (76, 265). This
occurs via production of inflammatory molecules including IFN-y,
TNF-o0, granulocyte-macrophage colony stimulating factor (GM-
CSF), lymphocyte function-associated antigen 1 (LFA-1), and CCL2
(76, 78). In turn, this leads to changes in monocyte markers such as
downregulation of CD14, and upregulation of CD40, CD86, and
HLA-DR (76, 77) (Figure 2). Bidirectionally, zoledronate- or
HMBPP-primed monocytes can activate VY9V32" T cells through
phosphoantigen accumulation and presentation, leading to Y0 T-cell
proliferation and bacterial pathogen killing (76, 263). However, in
vitro, it has also been reported that in the presence of zoledronate,
monocytes and V82" 10 T cells can negatively regulate each other by
inducing apoptosis (266, 267). It is interesting to note that the
contact-dependent stimulation of Vy9V32" T cells by monocytes
via the intercellular adhesion molecule 1 (ICAM-1)/LFA-1
engagement can be disrupted by blocking CDlla with
monoclonal antibody (78). In contrast to these in vitro results, in
vivo treatment with zoledronate or other aminobisphosphonates
has shown varying effects, with some studies reporting an increase
in circulating monocyte numbers, while others found no difference
(77, 268). This suggests that the relationship between these cells may
be more nuanced and context-dependent than first thought and will
require further investigation.

The crosstalk between yd T cells and macrophages has not yet
been thoroughly elucidated; however, the effects are again cell
subtype- and context-dependent. Macrophages have been
demonstrated to recruit VY9V32" T cells to the site of infection
via IP-10 and CXCR3 receptor-ligand interactions (80). Once
this occurs, V82" v8 T cells can drive the local cytotoxic response
via granzyme and perforin release or Fas ligand binding (79, 81,
82). Both V317 cells and V32" cells have been shown to produce
CCL3, CCL4 (MIP-10 and MIP-1f), and CXCL10, which find
their respective cognate receptors expressed by macrophages (70,
138). In vitro, the supernatant of cultured Y3 T cells has been
shown to induce macrophage activation via IFN-y, TNF-o,, and
GM-CSF production, arguing for a tightly regulated and

balanced interplay between these immune cell populations
(265). This was further demonstrated by studies showing that
IFN-y and TNF-o. released by activated VyoV32" T cells can
induce cyclooxygenase-2 (COX2) expression and prostaglandin
E2 (PGE2) release by both macrophages (Figure 2) and tumor
cells, and this downregulates the cytotoxic response of yd T cells
(269, 270) and plays a major role in tumor immune escape (271,
272). Furthermore, galectin-9 on both ¥8 T cells and pancreatic
tumor cells has been shown to bind dectin-1 on tumor-
infiltrating macrophages, leading to M2 macrophage
polarization and subsequent downregulation of IFN-y and
TNEF-o production by ¥8 T cells (273, 274).

CROSSTALK BETWEEN 5 T CELLS
AND NEUTROPHILS

Neutrophils are another immune cell population with complex
interactions with Y0 T cells at peripheral sites of inflammation
and in the TME. Zoledronate-activated VY9V32" T cells release
cytokines and chemokines such as IFN-y, TNF-a, IL-6, and
MCP-2, and these have been demonstrated in vitro to induce
neutrophil migration, activation, phagocytosis, degranulation,
and release of o-defensins (83). In a differing context using a
bacterial phosphoantigen, HMBPP-activated VY9V82" T cells
produce CXCL8 and TNF-o., which together mediate neutrophil
recruitment, induce CD11b upregulation and prevent apoptosis,
and downregulate CD62L, allowing neutrophil adhesion (78).
This finding was further corroborated by Sabbione et al., showing
that HMBPP-activated V82" v T cells can stimulate CD11b
expression and myeloperoxidase production by neutrophils (86),
all of which imply a stimulatory role of Y3 T cells towards these
granulocytes. In another study, tissue-resident V81" vd T cells
were shown to regulate the recruitment of neutrophils to the site
of bacterial infection via IL-17 secretion (275). In the absence of
V81" ¥8 T cells, the production of IL-17 is reduced and leads to
lower numbers of neutrophil recruitment to the site of
infection (275).

Interestingly, activated neutrophils can inhibit CD25 and
CD69 expression, IFN-y production, and cell proliferation of
V82" ¥3 T cells either spontaneously or in response to HMBPP
(86). This is dependent on initial TNF-o. production by 8 T
cells, which then induces reactive oxygen species (ROS) secretion
from neutrophils (86) (Figure 2). These processes can be
independent of cell-cell contact; however, the inhibition is
more potent if cells are allowed to interact and form
conjugates (86). Neutrophils can take up zoledronate, and
despite also expressing BTN2A1 and BTN3Al, they do not
have the capability of activating Vy9V82" T cells, which may
be due to their extremely limited production and accumulation
of IPP (276-278). Rather, these zoledronate-activated
neutrophils inhibit TNF-o and IFN-y production and
proliferation of Vy9V82" T cells via ROS, arginase-1, and
serine protease production. Some serine proteases are also able
to downregulate BIN3A1l expression on PBMCs, which has
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downstream consequences for BTN-mediated activation of V2"
v0 T cells (84, 85). Furthermore, VO1* ¥3 T cells have been shown
to exhibit reduced proliferation in the presence of hydrogen
peroxide as well as decreased glutathione production, which may
be indicative of ROS-dependent neutrophil inhibition (139). In
some instances, however, neutrophils that have phagocytosed
HMBPP-producing bacteria subsequently release HMBPP,
which is then able to activate VY9V32* T cells. This results in
CD25, CD69, LFA-1, IFN-y, and TNF-o production and is
crucial for initiating an immediate anti-inflammatory
response (78).

Functionally, pancreatic tumor cell killing by ¥8 T cells within
a PBMC context is decreased in the presence of neutrophils, in
both unstimulated and zoledronate-activated conditions (279).
However, when pancreatic tumor cells are co-cultured with
purified, expanded ¥d T cells and neutrophils, tumor cell lysis
is increased compared to co-culture with yd T cells alone, which
can be attributed to elevated granzyme B and IFN-y production.
These conflicting observations may be explained by differences in
immune cell subpopulation crosstalk within PBMCs, or by
differing polarization of neutrophils: N1 neutrophils are tumor
suppressive while N2 neutrophils have a pro-tumoral phenotype
(280). It is worth noting that a higher neutrophil-to-lymphocyte
ratio in a cohort study of 1,714 cancer patients treated with
immune checkpoint inhibitors was recently reported to
significantly correlate with low progression-free survival, poor
response rates, and low clinical benefit (281). Considering the
immunosuppressive functions of activated neutrophils on ¥ T-
cell activation as discussed above, this may partly contribute to
the poor outcomes in cancer patients with higher neutrophil-to-
lymphocyte ratios.

CROSSTALK BETWEEN 6 T CELLS AND
DENDRITIC CELLS

DCs are professional APCs, and consist of classical or conventional
DCs (cDCs), including ¢cDC1 (CD11c" and CD141%) and c¢DC2
(CD11c" and CDIc"), and plasmacytoid DCs (pDCs, CD11c,
CD123", and CD303") (282, 283). Their key role in anti-tumor
immunity is well described, but the interactions between DCs and
YO T cells is lacking behind. It has been shown that upon recognition
of bacteria-infected or tumor cells, activated VY9V32" T cells can aid
DC maturation through cytokine secretion (IFN-yand TNF-c) (87,
88), and promote maturation of antigen-expressing immature DCs
(monocyte-derived) in circulation via contact-dependent
mechanisms (Fas/FasL, CD40/CD40L, and TCR/CD1)
independent from TLR signaling (89-91, 93) (Figure 2). These
Vy9Va2" T cell-matured DCs upregulate HLA-DR, CD25, CD40,
CD80, CD83, and CD86, and are capable of cytokine production
(TNF-a, IL-12, and IL-15, but not IL-10), antigen presentation, and
stimulation of naive CD4" oy T cells (76, 87, 89, 92, 284-288). In
addition, Vy9V&2" T cell-derived cytokines (IFN-y and TNF-) can
also enhance TLR-dependent DC maturation, upregulate CCR7
(lymph node-homing receptor), and facilitate their migration to
lymphoid tissues for CD4" o T-cell priming (289, 290).

In contrast, the tumor-derived chemokine ligand CXCL10 can
promote the expansion of V31" yd Treg cells that infiltrate solid
tumors and induce immune senescence in DCs, and prevent DC
maturation (by inhibiting CD80, CD83, CD86, and HLA-DR
expression), DC function (decreased IL-6 and IL-12 production),
and DC phenotype (inability to stimulate naive T-cell proliferation)
via the TLR8 signaling pathway or by killing of DCs through a
perforin-mediated pathway (102-107) (Figure 2).

In turn, DCs can mediate Vy9V82" T-cell activation by
sensing/presenting HMBPP and induce ¥ T-cell proliferation
in the presence of IL-2, IL-15, and IL-21 (76, 94-96). Immature
DCs can enhance the ability of Vy9V32" T cells to secrete
inflammatory cytokines necessary for yd T-cell maturation
(TNF-a) in part due to the ability of DCs to upregulate and/or
sense phosphoantigens (88). Mature ¢DCs and pDCs
(monocyte-derived) can secrete cytokines (IL-1f, IL-12, IL-18,
IFN-y, and TNF-0) that activate VY9V82" T cells, enhancing
their proliferation and cytotoxic function (IL-18-mediated
cytotoxicity against tumor cells) (287, 291-296). In the
presence of phosphoantigen, IL-15-producing DCs (monocyte-
derived) can also activate yd T cells in a contact-dependent
manner (CD86) and induce secretion of IFN-y (284, 297, 298).
Zoledronate-treated immature and mature DCs (monocyte-
derived) can induce phosphoantigen-mediated activation and
expansion of effector VY9V&2" T cells capable of co-stimulatory
and cytotoxic functions via the expression of CD40L (299-303).

In summary, different Y3 T-cell subsets can either aid and
promote or inhibit DC maturation and function (7, 13, 304, 305),
while DCs can activate and expand Vy9V&2" T cells (7, 13, 304~
307). The crosstalk between ¥y T cells and DCs can thus have
downstream anti- or pro-tumoral effects with therapeutic
potential, albeit warranting further investigation using DCs
that are not monocyte-derived (8, 150, 308).

OUTLOOK AND FUTURE PERSPECTIVE

Our understanding on Y9 T cells continues to expand and their
contributions in bridging the innate and adaptive anti-tumor
immune responses are becoming more evident. Multiple studies
are now highlighting their role in interacting with and orchestrating
a variety of other immune cell subsets as reviewed here.
Traditionally, Y0 T cell-based cancer immunotherapies have been
focused on assessing the efficacy of activated yd T cells alone in
mediating tumor clearance (41-46, 145, 157, 163, 165, 309).
Although these past clinical trials have shown that Y0 T cell-based
immunotherapies were safe and well tolerated in patients, given the
limited success to date (8, 10, 19, 101, 310-312), more innovative
strategies aiming to overcome the challenges and
immunosuppression within the TME should be thoroughly
explored. Notably, with the ever-increasing numbers of studies
demonstrating the intricate network of immune interactions
within the TME, it is high time to deeply explore some of these
interactions and to gain valuable insights into the unique
immunomodulatory functions of Y0 T cells in the context of
cancer immunotherapy. Such acquired knowledge can be fully
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harnessed to develop a multipronged y8 T cell-based
immunotherapy focusing on Y3 T cells’ capability to influence the
activities of other tumor-infiltrating immune cells via rapid cytokine
and chemokine secretion, expression of various co-stimulatory
molecules, and the professional APC functions in cross-priming
and presenting antigens to o3 T cells.

For example, we are now armed with several potent therapeutic
agents including the agonist antibodies against BTN3A1 (clone 20.1,
CTX-2026, and ICT-01) and BTN2A1 (ICT-0302) that are capable
of activating and enhancing the immunomodulatory functions of
VyOve2" T cells (48-53, 227, 313, 314). Treatment targeting
BTN3A1 (CTX-2026) can induce coordinated Vy9V32" and off
T-cell responses for tumor cell killing and represents a promising
therapeutic approach that could be combined with other immune
checkpoint inhibitors targeting PD-1/PD-L1 (nivolumab and
pembrolizumab), CTLA-4/CD86 (ipilimumab and
tremelimumab), KIRs (lirllumab and IPH4102), ILT-2 (anti-ILT-
2, anti-HLA-G1, anti-FasL), and NKG2A (monalizumab) to
circumvent potential immunosuppression in TME (11, 204, 205).
These anti-tumor responses could potentially be further enhanced
by inducing the expression of NKG2D ligands in tumor cells using a
proteasome inhibitor (bortezomib) and an alkylating agent
(temozolomide) to promote orchestrated NKG2D-mediated
tumor cell lysis by tumor-infiltrating NK, CD8" of}, and y6 T
cells (240, 256, 257). Moreover, CD137 (4-1BB) co-stimulation with
recombinant human CD137L can boost the therapeutic effect of
Vy9V32" T cell-based immunotherapy and lead to heightened NK
cell-mediated cytotoxicity (73, 75, 101, 315). Taken together, such
combined therapeutic treatment will be a powerful approach to
elicit concerted anti-tumor responses in different tumor-infiltrating
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