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Local γδ T cells: translating promise to practice in cancer
immunotherapy
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Rapid bench-to-bedside translation of basic immunology to cancer immunotherapy has revolutionised the clinical practice of
oncology over the last decade. Immune checkpoint inhibitors targeting αβ T cells now offer durable remissions and even cures for
some patients with hitherto treatment-refractory metastatic cancers. Unfortunately, these treatments only benefit a minority of
patients and efforts to improve efficacy through combination therapies utilising αβ T cells have seen diminishing returns. Alongside
αβ T cells and B cells, γδ T cells are a third lineage of adaptive lymphocytes. Less is known about these cells, and they remain
relatively untested in cancer immunotherapy. Whilst preclinical evidence supports their utility, the few early-phase trials involving
γδ T cells have failed to demonstrate convincing efficacy in solid cancers. Here we review recent progress in our understanding of
how these cells are regulated, especially locally within tissues, and the potential for translation. In particular, we focus on the latest
advances in the field of butyrophilin (BTN) and BTN-like (BTNL) regulation of γδ T cells and speculate on how these advances may
address the limitations of historical approaches in utilising these cells, as well as how they may inform novel approaches in
deploying these cells for cancer immunotherapy.
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INTRODUCTION
Beyond the asymptote in cancer immunotherapy: γδ T cells,
an untapped resource
Recent advances in our understanding of cancer immunology and
the rapid translation of these into clinical applications have
transformed the outcomes of many patients with cancer [1]. Given
its capacity for specificity as well as memory and self-renewal, nearly
all successful cancer immunotherapies to date have leveraged the
adaptive immune system. B cell-derived monoclonal antibodies
targeting tumour-associated antigens were one of the first
immunotherapies to be adopted as the standard of care [2–5].
More recently, αβ T cell-centric immunotherapies have brought
about strikingly durable remissions in some patients with otherwise
treatment-refractory and/or advanced disease. Immune checkpoint
inhibitors (CPIs), which are widely thought to function through de-
repression of antigen-specific αβ T cells, have undoubtedly made
the most impact to date for solid cancers [6–13]. Other modalities
such as adoptive cell therapy (ACT) using chimeric antigen receptor
(CAR) bearing T cells and tumour infiltrating T cells (TILs) have also
demonstrated promising efficacy, albeit predominantly in haema-
tological malignancies [14–18]. Despite their success and adoption
as a standard of care, most patients with cancer do not benefit from
CPI therapy. Furthermore, trials of combination CPI therapies, which
predominantly target αβ T cells, have resulted in diminishing
returns [12, 13, 19, 20], supporting the utilisation of other immune
cells with independent modes of action [21, 22].
In addition to B cells and αβ T cells, γδ T cells are a third lineage

of adaptive leucocytes that bear antigen receptors generated

through somatic recombination. Although the γδ T cell receptor
(TCR) was cloned only a few short months after the αβ TCR
[23–26], our understanding of these cells and their role in cancer
immunology remains limited by comparison. Several factors have
contributed to this disparity. Human γδ T cells comprise a small
minority of total circulating T cells [27] and even in tissue
compartments where they are relatively enriched, they remain a
small subset of total T cells [28–31]. Compounding this has been a
historical lack of experimental reagents to robustly detect and
study these rare cells in clinical samples [32]. Moreover, whilst it is
well established that γδ T cells, unlike most αβ T cells, do not
require T cell receptor (TCR) engagement with cognate peptide-
MHC for activation, our knowledge of γδ TCR ligands remains
comparatively incomplete [33]. Furthermore, although murine
cancer models have provided mechanistic insight into γδ T cell
biology, some murine subsets do not have apparent human
counterparts and vice versa [34]. Nonetheless, several conserved
and unique properties of γδ T cells have noteworthy implications
on cancer immunosurveillance, particularly in solid cancers where
achieving durable remission remains a challenge. Unlike αβ T cells,
γδ T cells can detect cancers through innate natural killer
receptors without the obligate requirement for cognate tumour-
associated antigen presentation on MHC [30, 35–37]. These cells
are mostly of a memory phenotype with the capacity for rapid
functional mobilisation, including the production of tumour-
rejecting cytokines and potent cytotoxicity [30, 31, 38–43].
Moreover, many are seeded into steady-state tissues during
development, prior to malignancy and without obvious

Received: 26 February 2023 Revised: 6 May 2023 Accepted: 15 May 2023
Published online: 13 June 2023

1Peter Gorer Department of Immunobiology, King’s College London, London SE1 9RT, UK. 2Centre for Inflammation Biology and Cancer Immunology, King’s College London,
London SE1 9RT, UK. 3Department of Medical Oncology, Guy’s Hospital, London SE1 9RT, UK. ✉email: yin.wu@kcl.ac.uk

www.nature.com/bjcBritish Journal of Cancer

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02303-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02303-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02303-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41416-023-02303-0&domain=pdf
http://orcid.org/0000-0003-4080-3935
http://orcid.org/0000-0003-4080-3935
http://orcid.org/0000-0003-4080-3935
http://orcid.org/0000-0003-4080-3935
http://orcid.org/0000-0003-4080-3935
https://doi.org/10.1038/s41416-023-02303-0
mailto:yin.wu@kcl.ac.uk
www.nature.com/bjc


inflammatory triggers [44]. Thus, γδ T cells represent a preformed
and local anti-cancer immune surveillance compartment, inde-
pendent of, but potentially synergistic with, αβ T cells. In support
of this, a large pan-cancer study by Gentles and colleagues
applied CIBERSORT, an in silico method for determining immune
cell composition from bulk gene expression profiles, to microarray
data from over 5000 tumours and found a transcriptional
signature of γδ T cells to be the strongest predictor of favourable
overall survival out of the 22 immune cell subsets detectable [45].
Conscious of the diminishing returns from αβ T cell-centric

immunotherapies, notably in solid cancers, here we review the
merits of deploying γδ T cells in this setting. In particular, we focus
on recent advances in our understanding of the regulation of
these cells within tissues and the potential for translation of this
into novel therapies for solid cancer.

γδ T cell subsets
γδ T cell nomenclature remains arcane, even to seasoned
immunologists, and thus warrants a brief review here. Similar to
αβ T cells, γδ T cells undergo V–(D)–J gene segment rearrange-
ment to generate diverse sets of T cell receptors (TCRs). Like αβ
T cells, γδ T cells also comprise distinct functional subsets.
However, unlike αβ T cells, which are broadly classified based on
CD4 or CD8 expression, γδ T cells are predominantly negative for
these co-receptors. The complex ontogeny and classification of
these cells is beyond the scope of this review but has been
expertly reviewed recently by Mensurado and colleagues [46]. A
broad classification of human γδ T cells based on the TCR δ-chain
V gene (Vδ) is widely adopted in the field, whilst in mice the cells
are commonly classified based on TCR γ-chain V gene (Vγ) use. Of
the eight human Vδ genes, Vδ1 and Vδ2 are the most commonly
used and thus this review will focus on these subsets. Whilst both
Vδ1 and Vδ2 T cells share many similar attributes, such as their
capacity for innate-like responsiveness and capacity to kill
transformed cells (below), their divergent physiological localisa-
tion to peripheral blood (Vδ2 T cells) and body surface tissues (Vδ1
T cells) is noteworthy and discussed. Vδ2 T cells have historically
been easier to isolate and expand compared to Vδ1 T cells. Thus,
Vδ2 T cells have been better characterised and more frequently
utilised in interventional clinical trials (below). On the other hand,
whilst Vδ1 T cells have shown promise, they remain relatively
untested in the clinic.

UNIQUE BIOLOGY OF γδ T CELLS WITH RELEVANCE TO SOLID
CANCER IMMUNOTHERAPY
Innate responsiveness independent of cancer (neo)antigens
Current cancer immunotherapies are highly dependent on the
presence of neoantigens and/or tumour-associated antigens,
reflecting the modus operandi of αβ T cells and B cells [47, 48].
Unfortunately, cancers by nature possess a high degree of
genomic instability as well as epigenetic plasticity [49]. Suppres-
sion of neoantigens [50–53] and/or defects in antigen presenta-
tion [54, 55] through cancer-associated genomic instability,
epigenetic silencing, or other mechanisms, drive immune evasion
and resistance to current immunotherapies. However, neoanti-
gens are not the only route to immunological visibility in cancer.
Whilst it may hinder antigen-specific αβ T cell immunosurveil-
lance, genomic instability also drives the expression of immuno-
logical stress ligands on cancer cells such as the MIC/ULBP families
in humans and the RAE-1/H60/MULT1 families in mice [56, 57].
These molecules are ligands for the natural killer group 2 member
D receptor (NKG2D), an innate activating natural killer receptor
constitutively expressed by cytotoxic lymphocytes, including
innate NK cells, as well as γδ T cells and CD8+ αβ T cells. In
addition to NKG2D, human γδ T cells can also express numerous
other innate activating receptors such as DNAM-1, NKG2C, NKp30
and NKp46 [37, 43, 58–62], the ligands of which are often found

on stressed neoplastic cells [63, 64]. The significance of these
activating NK receptors was aptly demonstrated in a recent study
by Mikulak and colleagues which found a distinct population of
Vδ1 T cells expressing numerous NK receptors including NKG2C,
NKG2D, NKp30 and NKp46 in human intestinal epithelium [43].
These cells displayed potent NKp46-dependent cytolytic
responses against cancer cell lines and their presence within
colorectal tumours was strikingly associated with lower-stage
disease. More broadly, and in contrast to most αβ T cells, human
γδ T cells can be directly activated by these innate receptors,
seemingly without the requirement for contemporaneous
antigen-specific TCR signalling [30, 37]. Nonetheless, it is also
clear these cells can be activated via the γδ TCR, albeit not
through classical MHC-peptide engagement but rather through
sensing of self-encoded molecules associated with tissue health
and distress (discussed below). Once activated, these cells
predominantly produce tumour-rejecting cytokines such as IFNγ,
release cytotoxic granules and kill target tumour cells [46]. Thus,
γδ T cells may provide cancer immunosurveillance via mechan-
isms independent of antigen-specific adaptive αβ T cells.

Long-lived tissue residence and cancer immunosurveillance
It is well established that murine tissue-associated γδ T cells are
seeded during development into steady-state epithelial tissues
without obvious inflammatory triggers, in contrast to αβ T cells
which are more commonly recruited later in life following
pathogenic challenge and tissue inflammation [65–67]. Genetic
deletion of γδ T cells [35, 68], including tissue-specific deletion of
signature tissue-resident subsets [36, 69], confers increased
susceptibility in de novo murine cancer models. Moreover, this
protection from cancer susceptibility was particularly associated
with the production of IFNγ from tissue-resident γδ T cells.
Interestingly, the phenotype most commonly observed in the
absence of tissue-resident γδ T cells was increased numbers of
tumours, as opposed to increased size of tumours, suggestive of a
critical role for these cells in controlling the early stages of
transformation. On the other hand, separate studies have
demonstrated a cancer-promoting role for other subsets of
murine γδ T cells, particularly those linked to a capacity for IL-17
production [70–73]. Rei and colleagues showed that genetic
deletion of total γδ T cells led to reduced tumour size in a
transplantable model of ovarian cancer [70]. Subsequent studies
have employed antibody-mediated depletion in vivo of γδ T cells
and demonstrated protection after depletion of these cells in a
breast cancer metastasis model [71], a Kras-driven pancreatic
cancer model [72] and a Kras-driven lung cancer model [73]. These
seemingly opposing roles for murine γδ T cells may in part be
reconciled by the relatively poor capacity of antibody-mediated
depletion strategies to eliminate tissue-resident T cells [74–76].
Hence, studies utilising antibody depletion strategies [71–73] may
have disproportionately depleted non-resident, and presumably
IL-17-producing γδ T cells, whilst leaving behind IFNγ-producing,
tissue-resident γδ T cells. Following this logic, a unifying model
supported by both sets of studies is that murine tissue-resident γδ
T cells, which are predominantly IFNγ-producing, protect against
carcinogenesis whilst non-resident, IL-17-producing γδ T cells may
promote it.
Translation of γδ biology from murine to human tissues has

been complicated both by technical constraints in studying these
rare cells in limited clinical samples as well as by the incomplete
conservation of γδ T cells between species. For example, IL-17-
producing γδ T cells have proven difficult to find in humans
[30, 31, 60, 61, 77]. Nonetheless, several pieces of evidence
support a local, tissue-resident γδ T cell compartment with cancer
immunosurveillance capacity in humans. γδ T cells have been
found in multiple human tissues at steady state including in the
skin [78, 79], gut [29, 43, 79, 80], lung [31], breast [30] and liver
[81, 82]. Notably, whilst Vδ2 T cells predominate in peripheral

I. Zlatareva and Y. Wu

394

British Journal of Cancer (2023) 129:393 – 405



Ta
bl
e
1.

Su
m
m
ar
y
ta
b
le

o
f
p
u
b
lis
h
ed

cl
in
ic
al

tr
ia
ls
o
f
γδ

T
ce
lls

fo
r
so
lid

ca
n
ce
r
im

m
u
n
o
th
er
ap

y
re
tr
ie
ve
d
fr
o
m

Pu
b
M
ed

.

A
ut
h
or

Jo
ur
n
al

Y
ea

r
PM

ID
γδ

th
er
ap

y
A
d
ju
n
ct

th
er
ap

y
C
an

ce
r
ty
p
e

Pa
ti
en

ts
tr
ea

te
d

Se
tt
in
g

O
b
je
ct
iv
e

re
sp

on
se

cr
it
er
ia

O
b
je
ct
iv
e

re
sp

on
se
s

N
ot
ab

le
fi
n
d
in
g
s

D
ie
li
et

al
.

[1
59

]
C
an

ce
r
R
es
ea
rc
h

20
07

PM
ID
:
17

67
12

15
Z
o
le
d
ro
n
at
e
+
/−

lo
w

d
o
se

IL
-2

N
o
n
e/
n
o
t

sp
ec
ifi
ed

Pr
o
st
at
e
ca
n
ce
r

18
A
d
va
n
ce
d

RE
C
IS
T

3/
18

(0
C
R
)

C
lin

ic
al

b
en

efi
t

as
so
ci
at
ed

w
it
h

ab
ili
ty

o
f

zo
le
d
ro
n
at
e
to

ex
p
an

d
an

d
m
ai
n
ta
in

V
δ2

T-
ce
ll
n
u
m
b
er
s.

K
o
b
ay
as
h
i

et
al
.[
16

0]
C
an

ce
r

Im
m
u
n
o
lo
g
y,

Im
m
u
n
o
th
er
ap

y

20
07

PM
ID
:
16

85
03

45
A
C
T:

V
δ2

en
ri
ch

ed
au

to
lo
g
o
u
s

PB
M
C
s
af
te
r

2M
3B

1P
P
an

d
IL
-2

tr
ea
tm

en
t

Lo
w

d
o
se

IL
-2

R
C
C

7
A
d
va
n
ce
d

N
o
/n
o
t

sp
ec
ifi
ed

0/
7

Tw
o
p
at
ie
n
ts

d
em

o
n
st
ra
te
d

p
ro
lo
n
g
at
io
n
o
f

tu
m
o
u
r
d
o
u
b
lin

g
ti
m
e.

B
en

n
o
u
n
a

et
al
.[
16

1]
C
an

ce
r

Im
m
u
n
o
lo
g
y,

Im
m
u
n
o
th
er
ap

y

20
08

PM
ID
:
18

30
18

89
A
C
T:

V
δ2

en
ri
ch

ed
au

to
lo
g
o
u
s

PB
M
C
s
af
te
r

B
rH
PP

an
d
IL
-2

tr
ea
tm

en
t

C
yc
le

1
al
o
n
e,

cy
cl
e
2
an

d
3
w
it
h

lo
w

d
o
se

IL
-2

R
C
C

10
A
d
va
n
ce
d

RE
C
IS
T

0/
10

O
n
e
d
o
se
-li
m
it
in
g

to
xi
ci
ty

(d
is
se
m
in
at
ed

in
tr
av
as
cu

la
r

co
ag

u
la
ti
o
n
)

B
en

n
o
u
n
a

et
al
.[
16

2]
C
an

ce
r

Im
m
u
n
o
lo
g
y,

Im
m
u
n
o
th
er
ap

y

20
10

PM
ID
:
20

56
37

21
B
rH
PP

+
lo
w

d
o
se

IL
-2

N
o
n
e/
n
o
t

sp
ec
ifi
ed

M
ix
ed

so
lid

ca
n
ce
rs

28
A
d
va
n
ce
d

RE
C
IS
T

0/
28

M
ar
ke
d

ta
ch

yp
h
yl
ax
is

w
it
h
re
p
ea
te
d

B
rH
PP

M
er
av
ig
lia

et
al
.[
16

3]
C
lin

ic
al

an
d

Ex
p
er
im

en
ta
l

Im
m
u
n
o
lo
g
y

20
10

PM
ID
:
20

49
17

85
Z
o
le
d
ro
n
at
e
+

lo
w

d
o
se

IL
-2

N
o
n
e/
n
o
t

sp
ec
ifi
ed

B
re
as
t
ca
n
ce
r

10
A
d
va
n
ce
d

RE
C
IS
T

1/
10

(0
C
R
)

Pa
ti
en

ts
w
h
o
d
id

n
o
t
ex
p
an

d
V
δ2

T
ce
lls

h
ad

sh
o
rt
er

su
rv
iv
al

th
an

th
o
se

w
h
o
d
id
.

N
ak
aj
im

a
et

al
.[
16

4]
Eu

ro
p
ea
n
Jo
u
rn
al

o
f
C
ar
d
io
th
o
ra
ci
c

Su
rg
er
y

20
10

PM
ID
:
20

13
79

69
A
C
T:

V
δ2

en
ri
ch

ed
au

to
lo
g
o
u
s

PB
M
C
s
af
te
r

zo
le
d
ro
n
at
e
an

d
IL
-2

tr
ea
tm

en
t

N
o
n
e/
n
o
t

sp
ec
ifi
ed

N
SC

LC
10

A
d
va
n
ce
d

RE
C
IS
T

0/
10

El
ev

at
ed

p
la
sm

a
IF
N
-γ

p
o
st

tr
ea
tm

en
t

as
so
ci
at
ed

w
it
h

st
ab

le
d
is
ea
se

K
o
b
ay
as
h
i

et
al
.[
16

5]
C
an

ce
r

Im
m
u
n
o
lo
g
y,

Im
m
u
n
o
th
er
ap

y

20
11

PM
ID
:
21

51
98

26
A
C
T:

V
δ2

en
ri
ch

ed
au

to
lo
g
o
u
s

PB
M
C
s
af
te
r

2M
3B

1P
P
an

d
IL
-2

tr
ea
tm

en
t

Z
o
le
d
ro
n
at
e
an

d
lo
w

d
o
se

IL
-2

R
en

al
ce
ll
ca
n
ce
r

11
A
d
va
n
ce
d

RE
C
IS
T

1/
11

(1
C
R
)

Tu
m
o
u
r
d
o
u
b
lin

g
ti
m
e
p
ro
lo
n
g
ed

in
al
l
11

p
at
ie
n
ts

La
n
g
et

al
.

[1
66

]
C
an

ce
r

Im
m
u
n
o
lo
g
y,

Im
m
u
n
o
th
er
ap

y

20
11

PM
ID
:
21

64
76

91
Z
o
le
d
ro
n
at
e
+

IL
-

2
N
o
n
e/
n
o
t

sp
ec
ifi
ed

R
en

al
ce
ll
ca
n
ce
r

12
A
d
va
n
ce
d

RE
C
IS
T

0/
12

R
ep

ea
te
d

ad
m
in
is
tr
at
io
n
o
f

zo
le
d
ro
n
at
e
an

d
IL
-2

as
so
ci
at
ed

w
it
h
re
d
u
ce
d

p
ro
p
o
rt
io
n
o
f
V
δ2

T
ce
lls

am
o
n
g
st

p
er
ip
h
er
al

ly
m
p
h
o
cy
te
s.

N
ic
o
l
et

al
.

[1
67

]
B
ri
ti
sh

Jo
u
rn
al

o
f

C
an

ce
r

20
11

PM
ID
:
21

84
71

28
A
C
T:

V
δ2

en
ri
ch

ed
au

to
lo
g
o
u
s

PB
M
C
s
af
te
r

zo
le
d
ro
n
at
e
an

d
IL
-2

tr
ea
tm

en
t

Z
o
le
d
ro
n
at
e,

2
p
at
ie
n
ts

co
n
cu

rr
en

t
ch

em
o
th
er
ap

y,
1

p
at
ie
n
t

co
n
cu

rr
en

t
en

d
o
cr
in
e

th
er
ap

y

M
ix
ed

so
lid

ca
n
ce
rs

18
A
d
va
n
ce
d

RE
C
IS
T

3/
18

(1
C
R
)

Th
re
e
p
at
ie
n
ts

re
ce
iv
ed

In
-1
11

la
b
el
le
d
V
δ2

T
ce
lls

an
d
in

o
n
e

p
at
ie
n
t
ac
ti
vi
ty

w
as

co
n
vi
n
ci
n
g
ly

se
en

at
ad

re
n
al

m
et
as
ta
si
s.
A
ll

th
re
e
o
b
je
ct
iv
e

re
sp
o
n
se
s
al
so

re
ce
iv
ed

co
n
cu

rr
en

t
en

d
o
cr
in
e
o
r

ch
em

o
th
er
ap

y.

I. Zlatareva and Y. Wu

395

British Journal of Cancer (2023) 129:393 – 405



Ta
bl
e
1.

co
n
ti
n
u
ed

A
ut
h
or

Jo
ur
n
al

Y
ea

r
PM

ID
γδ

th
er
ap

y
A
d
ju
n
ct

th
er
ap

y
C
an

ce
r
ty
p
e

Pa
ti
en

ts
tr
ea

te
d

Se
tt
in
g

O
b
je
ct
iv
e

re
sp

on
se

cr
it
er
ia

O
b
je
ct
iv
e

re
sp

on
se
s

N
ot
ab

le
fi
n
d
in
g
s

N
o
g
u
ch

i
et

al
.[
16

8]
C
yt
o
th
er
ap

y
20

11
PM

ID
:2

08
31

35
4

A
C
T:

V
δ2

en
ri
ch

ed
au

to
lo
g
o
u
s

PB
M
C
s
af
te
r

zo
le
d
ro
n
at
e
an

d
IL
-2

tr
ea
tm

en
t

N
o
n
e/
n
o
t

sp
ec
ifi
ed

M
ix
ed

so
lid

ca
n
ce
rs

25
A
d
va
n
ce
d

N
o
/n
o
t

sp
ec
ifi
ed

0/
25

Th
e
th
re
e

p
at
ie
n
ts

w
h
o

ex
p
er
ie
n
ce
d
a

p
ar
ti
al

re
sp
o
n
se

(c
ri
te
ri
a
u
n
cl
ea
r)

al
so

re
ce
iv
ed

ac
ti
ve

co
n
cu

rr
en

t
th
er
ap

y
(t
ar
g
et
ed

o
r

ch
em

o
th
er
ap

y)
.

Sa
ka
m
o
to

et
al
.[
16

9]
Jo
u
rn
al

o
f

Im
m
u
n
o
th
er
ap

y
20

11
PM

ID
:2

13
04

39
9

A
C
T:

V
δ2

en
ri
ch

ed
au

to
lo
g
o
u
s

PB
M
C
s
af
te
r

zo
le
d
ro
n
at
e
an

d
IL
-2

tr
ea
tm

en
t

N
o
n
e/
n
o
t

sp
ec
ifi
ed

N
SC

LC
15

A
d
va
n
ce
d

R
EC

IS
T

0/
15

U
p
d
at
ed

re
p
o
rt

o
f
a
p
re
vi
o
u
s

p
ap

er
b
y

N
ak
aj
im

a
et

al
.2

01
0

K
u
n
zm

an
n

et
al
.[
17

0]
Jo
u
rn
al

o
f

Im
m
u
n
o
th
er
ap

y
20

12
PM

ID
:2

23
06

90
9

Z
o
le
d
ro
n
at
e
+

lo
w

d
o
se

IL
-2

N
o
n
e/
n
o
t

sp
ec
ifi
ed

R
en

al
ce
ll
ca
n
ce
r,

m
el
an

o
m
a

13
A
d
va
n
ce
d

R
EC

IS
T

0/
13

W
el
l
to
le
ra
te
d
,

o
n
e
p
at
ie
n
t
w
it
h

g
ra
d
e
3
fe
ve
r

C
u
i
et

al
.

[1
71

]
In
te
rn
at
io
n
al

Jo
u
rn
al

o
f
C
an

ce
r

20
13

PM
ID
:2

38
25

03
7

A
C
T:

V
δ2

en
ri
ch

ed
au

to
lo
g
o
u
s

PB
M
C
s
af
te
r

zo
le
d
ro
n
at
e
an

d
IL
-2

tr
ea
tm

en
t

A
u
to
lo
g
o
u
s

ex
p
an

d
ed

N
K

ce
lls

an
d
αβ

T
ce
lls

at
u
n
sp
ec
ifi
ed

ra
ti
o

p
o
st

RF
A

H
ep

at
o
ce
llu

la
r

ca
rc
in
o
m
a

30
R
FA

+
A
C
T3

2
R
FA

o
n
ly

A
d
ju
va
n
t

N
A

N
A

Im
p
ro
ve
m
en

t
in

PF
S
in

R
FA

+
A
C
T

g
ro
u
p
co

m
p
ar
ed

to
R
FA

al
o
n
e.

Ba
se
lin

e
p
at
ie
n
t

ch
ar
ac
te
ri
st
ic
s

n
o
t
m
at
ch

ed
an

d
p
ro
p
o
rt
io
n
o
f
γδ

T
ce
lls

in
fu
se
d
n
o
t

sp
ec
ifi
ed

.

Iz
u
m
i
et

al
.

[1
72

]
C
yt
o
th
er
ap

y
20

13
PM

ID
:2

33
91

46
1

A
C
T:

V
δ 2

en
ri
ch

ed
au

to
lo
g
o
u
s

PB
M
C
s
af
te
r

zo
le
d
ro
n
at
e
an

d
IL
-2

tr
ea
tm

en
t

N
o
n
e/
n
o
t

sp
ec
ifi
ed

C
o
lo
re
ct
al

ca
n
ce
r

6
A
d
va
n
ce
d
/

ad
ju
va
n
t

N
o
/n
o
t

sp
ec
ifi
ed

N
A

C
lin

ic
al

o
u
tc
o
m
e

n
o
t
re
p
o
rt
ed

.

Su
g
ie

et
al
.

[1
73

]
C
an

ce
r

Im
m
u
n
o
lo
g
y,

Im
m
u
n
o
th
er
ap

y

20
13

PM
ID
:2

31
51

94
4

Z
o
le
d
ro
n
at
e

N
o
n
e/
n
o
t

sp
ec
ifi
ed

B
re
as
t
ca
n
ce
r

5
Ea
rl
y/

ad
va
n
ce
d

N
o
/n
o
t

sp
ec
ifi
ed

0/
5

Re
p
ea
te
d

ad
m
in
is
tr
at
io
n
o
f

zo
le
d
ro
n
at
e

as
so
ci
at
ed

w
it
h
a

re
d
u
ce
d

p
ro
p
o
rt
io
n
o
f
V
δ2

T
ce
lls

am
o
n
g
st

to
ta
l
T
ce
lls
.N

o
co

m
m
en

t
o
n

cl
in
ic
al

ef
fi
ca
cy
.

W
ad

a
et

al
.

[1
74

]
C
an

ce
r
M
ed

ic
in
e

20
14

PM
ID
:2

45
15

91
6

A
C
T:

V
δ2

en
ri
ch

ed
au

to
lo
g
o
u
s

PB
M
C
s
af
te
r

zo
le
d
ro
n
at
e
an

d
IL
-2

tr
ea
tm

en
t

(in
tr
ap

er
it
o
n
ea
l)

Z
o
le
d
ro
n
at
e
(IV

an
d
IP
)

G
as
tr
ic

ca
n
ce
r

7
A
d
va
n
ce
d

N
o
/n
o
t

sp
ec
ifi
ed

0/
7

Lo
ca
l

im
p
ro
ve
m
en

t
in

re
d
u
ct
io
n
o
f

as
ci
te
s
in

2
p
at
ie
n
ts

b
u
t

p
ro
g
re
ss
io
n
at

d
is
ta
n
t
si
te
s.

Pr
es
se
y

et
al
.[
17

5]
M
ed

ic
in
e

20
16

PM
ID
:2

76
84

82
6

Z
o
le
d
ro
n
at
e
+

IL
-

2
N
o
n
e/
n
o
t

sp
ec
ifi
ed

N
eu

ro
b
la
st
o
m
a

4
A
d
va
n
ce
d

N
o
/n
o
t

sp
ec
ifi
ed

0/
4

W
el
l
to
le
ra
te
d
.

A
o
ki

et
al
.

[1
76

]
C
yt
o
th
er
ap

y
20

17
PM

ID
:2

81
88

07
2

A
C
T:

V
δ2

en
ri
ch

ed
au

to
lo
g
o
u
s

PB
M
C
s
af
te
r

zo
le
d
ro
n
at
e
an

d
IL
-2

tr
ea
tm

en
t

G
em

ci
ta
b
in
e

Pa
n
cr
ea
ti
c
ca
n
ce
r

28
A
d
ju
va
n
t

N
o
/n
o
t

sp
ec
ifi
ed

N
A

N
o
d
iff
er
en

ce
in

RF
S
o
r
O
S.

I. Zlatareva and Y. Wu

396

British Journal of Cancer (2023) 129:393 – 405



Ta
bl
e
1.

co
n
ti
n
u
ed

A
ut
h
or

Jo
ur
n
al

Y
ea

r
PM

ID
γδ

th
er
ap

y
A
d
ju
n
ct

th
er
ap

y
C
an

ce
r
ty
p
e

Pa
ti
en

ts
tr
ea

te
d

Se
tt
in
g

O
b
je
ct
iv
e

re
sp

on
se

cr
it
er
ia

O
b
je
ct
iv
e

re
sp

on
se
s

N
ot
ab

le
fi
n
d
in
g
s

Su
g
ie

et
al
.

[1
77

]
Th

e
B
re
as
t

20
18

PM
ID
:2

93
10

03
5

Z
o
le
d
ro
n
at
e

Le
tr
o
zo
le

B
re
as
t
ca
n
ce
r

55
N
eo

ad
ju
va
n
t

R
EC

IS
T

21
/5
5

O
R
R
o
f
th
e

co
m
b
in
at
io
n
w
as

co
m
p
ar
ab

le
to

h
is
to
ri
ca
l
si
n
g
le
-

ag
en

t
le
tr
o
zo
le

re
sp
o
n
se

ra
te
s.

A
ln
ag

g
ar

et
al
.[
17

8]
Jo
u
rn
al

fo
r

Im
m
u
n
o
-T
h
er
ap

y
o
f
C
an

ce
r

20
19

PM
ID
:3

07
36

85
2

A
C
T:

V
δ2

en
ri
ch

ed
al
lo
g
en

ei
c
PB

M
C
s

af
te
r
tr
ea
tm

en
t

zo
le
d
ro
n
at
e
+

u
n
d
is
cl
o
se
d

cy
to
ki
n
es

N
o
n
e/
n
o
t

sp
ec
ifi
ed

C
h
o
la
n
g
io
ca
rc
in
o
m
a

1
A
d
va
n
ce
d

N
o
/n
o
t

sp
ec
ifi
ed

0/
1

W
el
l
to
le
ra
te
d
,n

o
o
b
je
ct
iv
e

re
sp
o
n
se

cr
it
er
ia
.

K
ak
im

i
et

al
.

[1
79

]
Jo
u
rn
al

fo
r

Im
m
u
n
o
-T
h
er
ap

y
o
f
C
an

ce
r

20
20

PM
ID
:3

29
48

65
2

A
C
T:

V
δ2

en
ri
ch

ed
au

to
lo
g
o
u
s

PB
M
C
s
af
te
r

zo
le
d
ro
n
at
e
an

d
IL
-2

tr
ea
tm

en
t

N
o
n
e/
n
o
t

sp
ec
ifi
ed

N
SC

LC
25

A
d
va
n
ce
d

R
EC

IS
T

0/
25

O
n
e
p
at
ie
n
t

d
em

o
n
st
ra
te
d

re
sp
o
n
se

in
lu
n
g

le
si
o
n
b
u
t

p
ro
g
re
ss
io
n
w
it
h

n
ew

liv
er

m
et
as
ta
se
s.

Li
n
et

al
.

[1
80

]
Si
g
n
al

Tr
an

sd
u
ct
io
n
an

d
Ta
rg
et
ed

Th
er
ap

y

20
20

PM
ID
:3

30
93

45
7

A
C
T:

V
δ2

en
ri
ch

ed
al
lo
g
en

ei
c
PB

M
C
s

af
te
r
zo
le
d
ro
n
at
e

an
d
IL
-2

tr
ea
tm

en
t

N
o
n
e/
n
o
t

sp
ec
ifi
ed

Pa
n
cr
ea
ti
c
ca
n
ce
r

30 V
d
2+

IR
E3

2
IR
E
o
n
ly

A
d
va
n
ce
d

N
o
/n
o
t

sp
ec
ifi
ed

0/
30

M
o
d
es
t

im
p
ro
ve
m
en

t
in

su
rv
iv
al

in
V
δ2

+
IR
E
ar
m

G
as
sa
rt
et

al
.

[1
81

]
Sc
ie
n
ce

Tr
an

sl
at
io
n
al

M
ed

ic
in
e

20
21

PM
ID
:3

46
69

44
4

A
n
ti
-B
TN

3A
ag

o
n
is
t
an

ti
b
o
d
y

N
o
n
e/
n
o
t

sp
ec
ifi
ed

M
ix
ed

so
lid

ca
n
ce
rs

6
A
d
va
n
ce
d

N
o
/n
o
t

sp
ec
ifi
ed

0/
6

Re
d
u
ct
io
n
in

ci
rc
u
la
ti
n
g
V
δ2

T
ce
lls

af
te
r

tr
ea
tm

en
t

p
o
te
n
ti
al
ly

re
fl
ec
ti
n
g

re
cr
u
it
m
en

t
to

th
e
tu
m
o
u
r
b
ed

.

X
u
et

al
.

[1
82

]
C
el
lu
la
r
an

d
M
o
le
cu

la
r

Im
m
u
n
o
lo
g
y

20
21

PM
ID
:3

29
39

03
2

A
C
T:

V
δ2

en
ri
ch

ed
al
lo
g
en

ei
c
PB

M
C
s

af
te
r
zo
le
d
ro
n
at
e,

IL
-2
,I
L-
15

an
d

vi
ta
m
in

C
tr
ea
tm

en
t

IR
E,

Io
d
in
e-
12

5
an

d
/o
r

cr
yo

ab
la
ti
o
n

Lu
n
g
an

d
liv
er

ca
n
ce
r

13
2

A
d
va
n
ce
d

R
EC

IS
T

1/
13

2
(1

C
R
)

O
n
e
ca
se

o
f

co
m
p
le
te

re
sp
o
n
se

in
p
at
ie
n
t
w
h
o
al
so

h
ad

co
n
cu

rr
en

t
io
d
in
e-
12

5
th
er
ap

y.

2M
3B
1P
P
2-
m
et
h
yl
-3
-b
u
te
n
yl
-1
-p
yr
o
p
h
o
sp
h
at
e,

A
CT

ad
o
p
ti
ve

ce
ll
th
er
ap

y,
Br
H
PP

b
ro
m
o
h
yd

ri
n
p
yr
o
p
h
o
sp
h
at
e,

CR
co

m
p
le
te

re
sp
o
n
se
,
IL
-2

in
te
rl
eu

ki
n
-2
,
IP

in
tr
ap

er
it
o
n
ea
l,
IR
E
ir
re
ve
rs
ib
le

el
ec
tr
o
p
o
ra
ti
o
n
,
IV

in
tr
av
en

o
u
s,
N
SC

LC
n
o
n
-s
m
al
lc
el
ll
u
n
g
ca
n
ce
r,
PB

M
C
p
er
ip
h
er
al

b
lo
o
d
m
o
n
o
n
u
cl
ea
r
ce
ll,
PF
S
p
ro
g
re
ss
io
n
-f
re
e
su
rv
iv
al
,O

RR
o
b
je
ct
iv
e
re
sp
o
n
se

ra
te
,O

S
o
ve

ra
ll
su
rv
iv
al
,R
CC

re
n
al
ce
ll
ca
rc
in
o
m
a,
RE
CI
ST

R
es
p
o
n
se

Ev
al
u
at
io
n
C
ri
te
ri
a
in

So
lid

Tu
m
o
u
rs
,R

FA
ra
d
io
fr
eq

u
en

cy
ab

la
ti
o
n
.

I. Zlatareva and Y. Wu

397

British Journal of Cancer (2023) 129:393 – 405



blood, it is Vδ1 T cells that appear to be the signature subset
within human tissues. Phenotypically, these cells have been
shown to express surface molecules important for tissue homing
(e.g., CXCR6) [81, 82] and retention (e.g., CD49a, CD103)
[30, 31, 43] similar to tissue-resident memory (TRM) αβ T cell
counterparts [83]. Likewise, tissue-resident Vδ1 T cells have been
demonstrated to possess a core TRM transcriptional signature [31]
established in human αβ TRM cells [84]. Of note, several studies
have demonstrated that these cells express programmed cell
death protein 1 (PD-1) [30, 31, 61, 82]. Whilst PD-1 has traditionally
been viewed as an inhibitory co-receptor on exhausted T cells, it is
becoming increasingly evident that not all PD-1+ T cells are
terminally exhausted [85]. PD-1 expression in both murine and
human T cells appears to be important for survival of these cells
within tissues, for their self-renewal and for maintaining their
functional competency [86–89]. A recent elegant study by Zakeri
and colleagues used donor HLA status to track the persistence of
liver-resident γδ T cells in HLA-mismatched recipients after liver
transplant [82]. They demonstrated that donor liver-resident γδ
T cells, both Vδ1 and Vδ2, can persist for over a decade after
transplantation. Compared to non-tissue-resident counterparts,
these cells were enriched for PD-1 expression and yet were
equally functional as measured by their capacity to produce IFNγ.
Separately, PD-1+ αβ T cells have been shown to provide the
proliferative burst in response to anti-PD-1 treatment which is
associated with favourable therapeutic responses in patients with
cancer [86, 90] and there is increasing evidence this may also be
true for Vδ1 T cells [31, 91]. In summary, human tissues, like
murine counterparts, are populated by a bona fide resident
population of γδ T cells, particularly of the Vδ1 subset.
Correlative clinical studies across multiple solid cancer types have

demonstrated significant associations between the presence of γδ
T cells within tumours and clinicopathological features, including
tumour size, cancer stage and survival. Whilst some studies have
reported an association between intratumoural γδ T cells and
adverse features, such as higher-stage disease and/or worse
survival, the vast majority have found their presence associated
with favourable features (reviewed in [46]). Of note, in studies which
have reported on γδ T cell subsets, the presence of Vδ1 T cells has
been predominantly associated with favourable features, often
independent of other T cell subsets [30, 31, 43, 92]. The presence of
γδ T cells in situ at the earliest stages of malignant transformation
when antigenic visibility to αβ T cells from accumulatedmutations is
relatively restricted [93] may underpin their independent and
largely favourable prognostic associations [30, 31, 45, 46, 61, 94].

CLINICAL TRANSLATION: CHALLENGES AND OPPORTUNITIES
The capacity of γδ T cells to recognise and kill transformed cells
independent of MHC restriction, their enrichment in barrier tissues
from which most solid cancers arise and their association with
favourable clinical outcomes (above), has fuelled efforts to
develop these cells as “off-the-shelf” cancer immunotherapies.
Given their relative ease to isolate and study, nearly all published
clinical trials have utilised Vδ2 T cells (recently reviewed in refs.
[95, 96] and summarised in Table 1). Of note, most of these trials
were conducted in an era where outcomes were dismal for
patients with advanced solid cancers and prior to the adoption of
CPI therapy as standard of care. Whilst Vδ2 T cell therapies have
been shown to be safe and tolerable, objective responses in solid
cancers have been virtually absent (Table 1). This across-the-board
lack of efficacy is not surprising as nearly all studies have relied on
a similar approach to manipulate peripheral blood Vδ2 T cells,
albeit with minor variations and in different cancer settings.

Vδ2 T cells: off the beaten path
It has been known for some time that Vδ2 T cells, specifically
Vγ9Vδ2 T cells, can be activated by phosphorylated intermediates

of cholesterol metabolism known as phosphoantigens (pAgs)
[97–100]. Dysregulated cholesterol metabolism and subsequent
accumulation of pAgs in cancer cells contributes to the near-
universal cytotoxicity displayed by Vδ2 T cells in vitro against
cancer cell lines [95, 101]. Thus, attempts to harness Vδ2 T cells in
the clinic have largely involved activating and expanding these
cells through the provision of pAg, either directly or indirectly
through treatment with bisphosphonates which increase pAg
accumulation [96]. Most trials have either attempted activation
in vivo of Vδ2 T cells through systemic delivery of pAgs/
bisphosphonates or activation ex vivo of peripheral blood-
derived Vδ2 T cells using pAgs/bisphosphonates followed by
ACT. Despite the cells’ unequivocal cancer-killing capacity in vitro,
their clinical efficacy has been disappointing (Table 1). Several
plausible explanations have been proposed for this conspicuous
discrepancy. The systemic utility of bisphosphonates is likely
hindered by their unfavourable pharmacokinetic profiles for
tumour immunotherapy. These drugs are rapidly cleared from
the circulation through renal excretion and bone absorption with
very little delivery to the soft tissues [102, 103]. Hence, the extent
to which systemic bisphosphonates activate Vδ2 T cells within the
tumour bed remains largely unclear. Likewise, there is little
evidence to suggest that Vδ2 T cells activated ex vivo can traffic to
tumours or be retained within them [104]. In fact, pAg activation
of Vδ2 T cells induces expression of lymph node homing
chemokine receptors [105], probably related to their capacity for
professional antigen presentation [106–108]. Moreover, global
activation of Vδ2 T cells by systemic pAgs has been linked to the
exhaustion/anergy of these cells in preclinical primate models as
well as in clinical trials [109–111].
Although phosphoantigens have long been known to activate

Vδ2 T cells [100], the mechanism by which they do so has only
recently been described. Seminal work by Harly and colleagues
first established butyrophilin 3A1 (BTN3A1) to be critical for Vδ2
phosphoantigen reactivity [112]. Subsequent work has implicated
other members of the butyrophilin family, including BTN2A1,
BTN3A2 and BTN3A3 [113–115]. Butyrophilin (BTN) and related
butyrophilin-like (BTNL) molecules (below) are human immuno-
globulin (Ig) superfamily receptor proteins considered to be part
of the wider B7 family of receptors [116]. Other B7 family members
include important immunomodulatory receptors such as CD80
(B7.1), CD86 (B7.2) and PD-L1 [116]. Accordingly, BTN molecules
have been reported to be immunosuppressive for αβ T cells
[117, 118]. On the other hand, these molecules have now also
been shown to be important for the phosphoantigen-dependent
activation of Vδ2 T cells. Current evidence suggests that BTN2A1 is
required for TCR binding via the γ-chain of Vγ9Vδ2 T cells
[114, 115] whilst the intracellular domain of BTN3A1 is required for
phosphoantigen sensing [119], and both BTN2A1 and BTN3A1 are
required for pAg reactivity. Moreover, BTN3A2 and BTN3A3 appear
to be important for the optimal function of BTN3A1 through the
regulation of its subcellular trafficking [113]. Whilst BTN molecules
have been found to be expressed by many cell types, their
expression has been particularly associated with epithelial tissues,
albeit without any obvious tissue bias [116]. However, what is
striking is their differential expression in steady-state epithelial
tissues versus their respective neoplastic counterparts. This is most
evident in BTN3A isoforms which are often upregulated in cancers
relative to normal tissue counterparts [118, 120–123] (Fig. 1).
These recent advances in our understanding of the molecular

determinants of Vδ2 T cell activation have clear potential for
translation. Where historical attempts to harness Vδ2 T cells
through blunt application of pAgs/bisphosphonates have proven
largely ineffective, targeted modulation of tissue-associated
regulators, such as BTN molecules (discussed below), may
overcome barriers like poor tumour homing and/or pAg-
associated anergy (discussed above). Moreover, cancer-
associated upregulation of BTN3A isoforms (above) relative to
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normal tissues may provide an important therapeutic window.
One promising approach involves the use of agonistic BTN3A
antibodies which induce conformational changes mimicking those
caused by pAg [112, 124]. Compared with bisphosphonates,
antibodies have considerably longer plasma half-lives and thus
offer greater cumulative tumour penetration. Indeed, a recent
Phase I study of ICT01 (EVICTION, NCT04243499), an agonistic pan-
BTN3A antibody, found a marked drop in circulating Vδ2 T cells
shortly after ICT01 dosing in all patients. Whilst several potential
explanations may underpin this observation, including activation-
induced cell death or antibody-dependent depletion, the authors
propose the loss of circulating Vδ2 T cells reflects their recruitment
to tumours, presumably as a consequence of ICT01-dependent
BTN3A agonism on tumour cells. In support of the latter, they
found clear evidence of increased Vγ9+ γδ T cells in the tumour
bed after ICT01 treatment in one patient where paired pre/post
treatment tumour biopsies were evaluable. Thus, treatment with
this agonistic BTN3A antibody may improve recruitment and
retention of Vδ2 T cells within the tumour microenvironment.
ICT01 was well tolerated with no dose-limiting toxicities in this
study. Indeed, in vitro assays showed that treatment preferentially
increased killing of cancer cells compared with non-malignant
cells by PBMCs, potentially reflecting the overexpression of BTN3A
isoforms in cancers versus normal tissues. Furthermore, the
authors did not observe any evidence of ICT01-induced exhaus-
tion of Vδ2 T cells in vitro over the course of several days’
exposure, a common Achilles’ heel of the bisphosphonate/pAg
approach. Given their homology with other B7 family receptors,
including PD-L1, BTN3A isoforms have also been reported to be
suppressive for αβ T cells [117, 118]. In a case of two birds with
one stone, Payne and colleagues demonstrated that agonistic

BTN3A antibodies not only activate Vδ2 T cells but also relieve
BTN3A1 suppression of αβ T cells. The authors further explored the
impact of agonistic BTN3A antibodies using immunodeficient
mice reconstituted with human γδ T cells and/or human αβ T cells
bearing a chimeric antigen receptor (CAR) against a transplanted
ovarian cancer cell line. They found that maximal protection was
achieved through co-administration of γδ T cells, αβ CAR T cells
and agonistic BTN3A antibody, suggesting that these antibodies
may enable concerted anti-tumour responses by these cells.
Importantly, they also demonstrated significantly improved
recruitment of Vγ9+ γδ T cells into tumours after agonistic BTN3A
antibody treatment [118]. It remains to be seen if such approaches
targeting tissue intrinsic regulatory axes of Vδ2 T cells may help to
break the duck in a string of disappointing trials of these cells.
Nonetheless, the early evidence has been promising and the
community eagerly awaits the results of ongoing Phase 2 efficacy
trials.

Vδ1 T cells: the road less travelled
Whilst novel approaches may breathe new life into Vδ2 T cell-
based cancer immunotherapy, the major subset of γδ T cells
within human tissues are Vδ1 T cells and these cells remain
relatively untested in this context. Recent advances in the capacity
to isolate and study Vδ1 T cells coupled with a growing interest in
cancer immunosurveillance by tissue-resident T cells [125, 126]
has rapidly accelerated our understanding of these cells’ biology.
Vδ1 T cells possess multiple qualities which support their
utilisation for cancer immunotherapy. Like Vδ2 T cells, Vδ1
T cells can both recognise and kill transformed cells innately via
activating NK receptors [30, 37, 43, 60]. Nonetheless, these cells
possess several potential advantages. For starters, they can
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express diverse activating natural cytotoxicity receptors (e.g.,
NKp30, NKp46) not commonly found on Vδ2 T cells [37, 43, 60].
Unsurprisingly, given their association with epithelium, Vδ1 T cells
also more commonly express receptors for tissue homing and
retention [30, 31, 91]. Thus, when considering adoptive cell
therapy for solid cancers where tumour bed penetration is often
considered a barrier [127], Vδ1 T cells may have an edge over cells
derived from the systemic circulation. The indigenous nature of
Vδ1 T cells within steady-state tissues and their presence in
tumours raises the appealing possibility for therapeutic manipula-
tion of these cells in situ using monoclonal antibodies or other cell
engagers. Compared with adoptive cell therapy, cell engagers can
be more readily engineered to target different ligands and are
easier to administer as well as considerably cheaper to produce. In
a recent study of patients with NSCLC, the presence of tissue-
resident Vδ1 T cells in non-tumour adjacent lung tissue was highly
predictive of disease-free survival after surgery, consistent with an
immunosurveillance role for these cells [31]. Hence, an under-
standing of how these Vδ1 T cells are regulated within tissues can
identify key therapeutic targets to maximise their utility in situ.
That Vδ1 T cells reside within barrier tissues at steady state

raises the intriguing prospect that these cells possess intrinsic
tissue-specific adaptations particularly suited to cancer immu-
notherapy applications. Specifically, it seems conceivable that
these cells would have the ability to detect normality, thus
avoiding spurious activation, and yet at the same time are primed
for rapid and innate effector functions in response to the
inevitable and disparate challenges imposed by the external
environment on barrier tissues. Formally establishing this pro-
posed dichotomy and an appreciation of the underlying local,
tissue-centric cellular and molecular regulators could unlock the
holy grail of cancer immunotherapy, namely tumour rejection
without tissue toxicity. Combined with insights from murine
models, recent studies have begun to resolve how Vδ1 T cells are
regulated within human tissues and cancers, and provide some
early evidence for this hypothesised functional dichotomy. One
key and conserved regulatory axis is that of butyrophilin-like (Btnl/
BTNL) molecules and tissue-resident γδ T cells in barrier tissues
[29, 128]. Within the murine gut, epithelium-specific expression of
Btnl1, Btnl4 and Btnl6 have been shown to regulate the
development, tissue retention and maintenance of intraepithelial
Vγ7+ γδ T cells. [29, 129]. Likewise, human gut-specific expression
of BTNL3 and BTNL8 likely regulates Vγ4+ (frequently paired to
Vδ1) intraepithelial lymphocytes (IELs) [29, 128, 130, 131].
Notably, Btnl/BTNL expression also appears to be linked to

tissue health, evoking the differential expression of BTN3A
isoforms in steady-state versus neoplastic tissues (above). How-
ever, unlike BTN3A isoforms which appear to be upregulated in
cancer, expression of Btnl/BTNL is most often lost in dysregulated
tissue states including inflammation and cancer, compared to
steady-state [131, 132]. It is therefore tempting to speculate that
Btnl/BTNL molecules may signal “normality” to tissue-resident Vδ1
T cells and potentially restrain pernicious activation within healthy
tissues. Indeed, this hypothetical model was proposed recently by
Hayday and Vantourout [133]. Specifically, they proposed that
tissue-specific Btnl/BTNL molecules expressed at steady state bind
to an “innate” germline-encoded region on the TCR γ chain of
tissue-resident γδ T cells, and that this interaction supports the
maintenance of signature Vγ subsets of these cells within tissues
(e.g., BTNL3/8 and Vγ4+ IEL in the human gut) but also prevents
the engagement of the γδ TCR (incorporating both γ chain and δ
chain) with cognate, self-encoded, complementarity-determining
region 3 (CDR3)-dependent ligands induced upon tissue stress.
Thus, in settings of tissue dysregulation, such as cancer, where
BTNL expression is often downregulated [132, 134–136], resident
γδ T cells may then be released to respond to putative CDR3-
dependent, stress-induced activating ligands. In support of this
model, a Vγ4+ γδ TCR with defined clonal CDR3 reactivity [137]

has recently been demonstrated to recognise both BTNL3 via a
germline-encoded region of the γ chain, as well as the endothelial
protein C receptor (EPCR) via the CDR3 [128, 130, 137]. BTNL3 is
expressed at steady state by the intestinal epithelium but is
markedly downregulated in colon cancer [29, 132] whilst EPCR, a
stress-induced MHC class I-like molecule, is frequently over-
expressed in multiple cancers including colon cancer [138–140].
Importantly, BTNL3 was shown to have a higher affinity for the
TCR compared to EPCR (Kd ~ 15–25 μM versus Kd ~ 90 μM) and
could inhibit EPCR binding [130, 137]. Indeed, multiple CDR3-
dependent Vδ1 TCR ligands have now been identified and several
are also MHC class I-like molecules [33, 141–144]. Intriguingly, a
recent study of Vδ1 T cells derived from mismatch repair deficient
colorectal cancers found that these cells displayed enhanced
reactivity towards patient-derived tumour organoids engineered
to be deficient for β2m compared with parental organoids [91].
The authors speculated that lower MHC class I expression in β2m-
deficient organoids may activate Vδ1 T cells via reduced inhibitory
killer cell immunoglobulin-like receptor(s) engagement. An alter-
native and provocative explanation would be that these Vδ1
T cells recognised “open conformers” of MHC class I, i.e., heavy
chains in the absence of β2m and peptide, as has been reported in
the context of CMV infection by Dechanet-Merville and colleagues
[145]. Thus, a picture emerges in which the TCRs of tissue-resident
Vδ1 T cells effectively act as logic-gates that permit the cells’
activation based firstly on the absence of normality and secondly
on the presence of tissue stress. This firmly remains a model at
present and indeed the mechanisms by which the γδ TCR may
distinguish between engagement of germline-encoded versus
CDR3-encoded regions remain unclear and are an active area of
research. Nonetheless, the potential implications on Vδ1-based
cancer immunotherapies may be profound. In particular, the
hierarchical precedence of normality over stress could enable
large therapeutic windows for Vδ1-based immunotherapies. For
example, adoptively transferred Vδ1 T cells derived from a
colorectal cancer may traffic back to the colon but would only
become activated within the tumour microenvironment where
BTNL3 and BTNL8 loss (absence of normality) is concurrent with
upregulation of CDR3-dependent TCR stress ligands (e.g., EPCR,
open conformers etc.) and/or other activating ligands (e.g., MICA,
ULBPs, etc.) (Fig. 2a). Likewise, bispecific cell engagers could target
clinically relevant tumour-associated antigens that are also
expressed at low levels in normal tissues (e.g., HER2) whilst
potentially avoiding on-target, off-tumour toxicity (Fig. 2b). Look-
ing beyond the hypothetical, several groups have now demon-
strated the capacity to generate large numbers of Vδ1 T cells
in vitro [30, 60, 146] and a first in human trial of these cells for
cancer immunotherapy is currently underway (NCT05001451).
Thus, our growing understanding of the basic biology of these
cells may have rapid and proximal clinical implications.

γδ T cells in the era of CPI therapy
Although CPI therapies benefit only a minority of patients, this is
still a considerable minority. Moreover, CPIs have become gold-
standard first-line treatments with curative potential for many
cancer types, even in the metastatic setting [13, 147–150]. Thus,
the clinical landscapes within which contemporary and future
trials of γδ T cell therapies must now operate have become vastly
more competitive compared to historical studies (Table 1). Of the
many CPIs currently available, anti-PD-(L)1 therapies have
consistently proven to be the most efficacious [8, 13, 151] and
now comprise the backbone of a large proportion of immu-
notherapy combination trials, including those involving novel
agents [152]. However, these immune checkpoint inhibitors have
largely been studied in the context of αβ T cells. Whilst both Vδ1
and Vδ2 T cells can express PD-1 [30, 60, 61, 91], whether or not γδ
T cells are regulated by these checkpoints is less clear
[30, 91, 153–155] and merits urgent attention. Germane to this,
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an intratumoural transcriptomic signature of Vδ1 T cells has
recently been shown to be predictive of response to anti-PD-1
therapy in a cohort of patients with mixed solid cancers [31].
Moreover, in mismatch repair deficient colorectal cancers with
β2m loss, treatment with anti-PD-1 was associated with an
increase in intratumoural Vδ1 T cells [91]. Thus, in a fortuitous
moment of scientific serendipity, the inevitable combination trials
of γδ T cells and anti-PD-(L)1 therapies (see above) may turn out to
be an entirely rational combination.

CONCLUDING REMARKS
Most contemporary combination immunotherapies work by
modulating αβ T cells, often through targeting multiple inhibitory

and/or activating checkpoints. Whilst this approach has yielded
some remarkable successes [12, 13], recent combination trials have
demonstrated only incremental gains in efficacy [20]. Moreover,
meta-analyses of clinical trials have provided compelling evidence
that combination therapies are most effective when individual
mechanisms of action are independent [21, 22]. In this respect, γδ
T cells represent ideal therapeutic targets given their distinct yet
complementary role in cancer immunosurveillance alongside αβ
T cells. A renewed and growing appreciation of the potential of γδ
T cells is reflected in several recent and comprehensive reviews of
their utility in cancer immunotherapy [46, 156, 157]. To these
reviews, we add here a more speculative perspective on the
potential translation of recent discoveries in the basic immunobiol-
ogy of these cells to effective clinical therapies.
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Fig. 2 Translating tissue biology of Vδ1 to effective cancer immunotherapy. a Adoptively transferred, tissue-derived Vδ1 T cells (left panel)
may preferentially traffic to and accumulate in target organs dependent on tissue-specific BTNL expression (middle panel). This could reduce
detrimental activation in uninvolved organs and thus improve therapeutic windows (middle panel). Within target organs, the hypothetical
logic-gate functionality of the TCR may provide further fine-tuning of Vδ1 T-cell activation to target neoplastic cells whilst sparing healthy
cells. b Clinically relevant TAAs, such as human epidermal growth factor receptor 2 (HER2), which are expressed at low levels on most healthy
epithelial cells and only modestly upregulated on cancer cells (e.g., gastric cancer, treatment-resistant HER2+ breast cancers) can be difficult to
target with tolerable safety windows using a “single argument” approach (e.g., a monoclonal antibody). The hypothetical logic-gate
functionality of the γδ TCR to permit activation based on both the absence of normality and the presence of stress can be exploited for
increased therapeutic windows. Bispecific engagers, which have excellent tissue penetration, can recognise TAAs via a monoclonal antibody
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