
γδ T cells are one of only three immune cell types  
that express antigen receptors that undergo somatic 
recombination, and they contribute to immune responses 
to infection, to cellular transformation and to tissue dam-
age responses (reviewed in REF. 1). The non-redundant 
roles of γδ T cells in host protective responses are likely to 
derive from a combination of unique antigen specificities, 
high clonal frequencies and a pre-activated differentia-
tion status that allows for very rapid responses2. In fact, 
mouse γδ T cells develop in the thymus into fully func-
tional subsets that secrete high levels of pro-inflammatory 
cytokines, such as interferon-γ (IFNγ) or interleukin-17 
(IL-17), upon activation in the periphery3–5. Notably, in 
the context of cancer, recent reports6–9 have described 
unanticipated tumour-promoting roles for mouse and 
human IL-17-producing γδ T cells. Nonetheless, these 
recent developments must not eclipse the extensive  
evidence for antitumour γδ T cell responses in both  
species. Here, we aim to provide a balanced insight into 
the pleiotropic functions of tumour-reactive γδ T cells.

Mouse and human γδ T cells share many develop-
mental and functional properties1,2. γδ T  cells are 
highly effective at killing tumour cells and providing 
IFNγ-mediated protective responses against cancer, 
but in some cases they can promote tumour growth by 
IL-17 production10. Moreover, the main determinants of 
tumour cell recognition — namely the γδ T cell receptor 
(TCR) and natural killer (NK) cell receptors (NKRs), 
such as NKG2D (natural killer group 2, member D) — are 
shared by both species11. However, owing to evolutionary 
divergence of the TCRγ and TCRδ loci between rodents 
and primates12, a direct comparison between mouse 
and human γδ T cell subsets is not straightforward 
(see TABLE 1). Consequently, we first describe γδ T cells 
in mouse tumour models and then discuss the current 
understanding and future prospects of their human 
counterparts in experimental and clinical settings.

γδ T cell responses to mouse tumours
γδ T cells constitute a heterogeneous population of cells 
that have increasingly recognized developmental and 
functional complexities, often associated with their tissue 
homing or localization13. Mouse γδ T cells with preferential 
effector functions (such as IFNγ or IL-17 production) can 
be categorized according to usage of TCR γ-chain variable 
region (Vγ)14 or other cell surface markers, such as CD27, 
NK1.1 (also known as KLRB1C), CD122 (also known as 
IL-2Rβ) and CC-chemokine receptor 6 (CCR6)3,4,15. As 
these aspects fall beyond the scope of this article, we pro-
vide TABLE 1, which summarizes the main γδ T cell sub-
types and their associated features in mice and humans, 
and refer the reader to previous reviews2,14. Nonetheless, 
we highlight, whenever possible, the division of labour 
and subset-specific roles of γδ T cell subpopulations; in 
that regard, FIG. 1 summarizes the diversified responses 
of mouse γδ T cell subsets to tumours (described below).

Antitumour functions of γδ T cells. Following the seminal 
paper by Hayday and colleagues on cutaneous malig-
nancy16, multiple studies in various mouse cancer models 
firmly established the protective role of γδ T cells during 
tumour development. In most cases, this was inferred 
by comparing tumour progression in γδ T cell-deficient 
(owing to genetic inactivation of the TCRδ locus) versus 
γδ T cell-sufficient (wild-type) mice. γδ T cells prevented 
both the chemically induced development of papillomas 
and their progression into cutaneous squamous cell  
carcinomas, whereas αβ T cells seemed to promote 
tumour progression17. Moreover, γδ T cells were also pro-
tective against spontaneous B cell lymphomas18, prostate 
cancer19 and in the widely used B16-F0 melanoma trans-
plantable model20,21. Importantly, a therapeutic effect was 
demonstrated following adoptive transfer of γδ T cells 
into mice bearing established adenocarcinomas of the 
prostate (TRAMP mice)19 or B16-F0 melanomas22.
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Somatic recombination
The somatic rearrangement of 
variable (V), diversity (D) and 
joining (J) regions of the genes 
that encode antigen receptors, 
leading to repertoire diversity 
of both T cell and B cell 
receptors; it is also known  
as V(D)J recombination.

NKG2D
A C‑type lectin‑like receptor 
that binds to multiple stress  
or transformation‑inducible 
ligands of the non‑classical 
MHC (class Ib) family H60, 
murine UL16‑binding 
protein‑like transcript 1 
(MULT1) and members of the 
retinoic acid early inducible 1 
(RAE1) proteins in mice; and 
MHC class I‑related chain A 
or B (MICA and MICB) and 
UL16‑binding proteins 
(ULBP1–ULBP6) in humans.
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Abstract | With the promise of T cell-based therapy for cancer finally becoming reality, this 
Review focuses on the less-studied γδ T cell lineage and its diverse responses to tumours. 
γδ T cells have well-established protective roles in cancer, largely on the basis of their potent 
cytotoxicity and interferon-γ production. Besides this, recent studies have revealed a  
series of tumour-promoting functions that are linked to interleukin-17-producing γδ T cells.  
Here, we integrate the current knowledge from both human and mouse studies to highlight 
the potential of γδ T cell modulation to improve cancer immunotherapy.
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Tumour cell recognition and associated γδ T cell acti-
vation have been attributed to engagement of the TCR  
and/or NKRs, mostly NKG2D. For example, the anti-
tumour cytotoxicity of skin-resident Vγ5+ T  cells 
depends on both TCR17 and NKG2D16,23 expression. 
NKG2D is a crucial innate receptor in tumour surveil-
lance, as demonstrated by the high cancer susceptibility 
of NKG2D-deficient mice24. NKG2D is known to sense 
molecular stress signatures (such as RAE1 and H60) that 
are largely absent from healthy cells but often upregulated 
by transformed cells16,23. By contrast, tumour-associated 
antigens that are directly recognized by γδ TCRs are yet 
to be described.

Efficient target cell recognition by γδ T cells acti-
vates cytotoxic mechanisms that involve the release of 
perforin and granzymes, as well as the expression of 
ligands, such as CD95 ligand (also known as TNFSF6) 
and TNF-related apoptosis-inducing ligand (TRAIL; 
also known as TNFSF10), that engage death receptors 
(CD95 (also known as TNFRSF6) and TRAIL recep-
tors, respectively)25. In addition, γδ T cells promptly 
secrete IFNγ, which inhibits angiogenesis and enhances 
MHC class I expression by tumour cells, thus promoting 
CD8+ T cell responses20–22,26. It is interesting to note that, 
in the adoptive γδ T cell transfer model against B16-F0 
melan oma, only Vγ4+ (but not Vγ1+) T cells were protec-
tive, which was dependent on their high eomesodermin 
expression and IFNγ production22.

Although IFNγ is the major cytokine produced  
by mouse CD27+ γδ T cells, their CD27− counterparts 
preferentially secrete IL-17 (REFS 4,27). IL-17 was also 

implicated in protective γδ T cell responses in other cancer 
models. IL-17-producing γδ T cells seemingly co operated 
with Mycobacterium bovis bacillus Calmette–Guerin 
(BCG) vaccination to mediate bladder cancer regression28.  
This effect was abolished in both TCRδ-deficient and 
IL-17-deficient mice, and γδ T cells were the main 
intra tumour source of IL-17, which recruited anti-
tumour neutro phils to the bladder. In another study, 
IL-17-producing γδ T cells synergized with chemo-
therapeutic agents (such as doxorubicin) in several trans-
plantation models of epithelial tumours29. Mechanistically, 
tumour-infiltrating IL-1β-activated IL-17+ γδ T cells, 
which were approximately 60% Vγ4+ and 35% Vγ6+, 
enhanced the priming and recruitment of IFNγ-producing 
CD8+  T  cells that mediated the antitumour effect. 
Similarly, the mechanism of action of doxorubicin in 
transplantable mammary carcinomas and fibro sarcomas 
that were induced de novo by methylcholanthrene 
(MCA) relied on both IFNγ-producing CD8+ T cells and 
IL-17+ γδ T cells30. Specifically, the antitumor activity 
of doxorubicin was abolished in both TCRδ-deficient 
and IL-17-deficient mice, as well as in animals treated 
with IL-17 receptor-specific antibodies, again support-
ing a role for IL-17-producing γδ T cells in mediating 
immune-dependent antitumour actions of standard 
chemotherapeutic regimens. Whereas these reports 
suggest a protective adjuvant effect for IL-17-producing 
γδ T cells in therapeutic settings, several studies in  
different cancer models have demonstrated an overtly 
pathogenic role for the CD27−IL-17+ γδ T cell subset 
during tumour development.

Table 1 | Features of mouse and human γδ T cell subsets* 

Subset Most common VγVδ pairs V(D)J 
diversity

Tissue distribution Key cytokines 
produced

Mouse

Vγ1 Vγ1Vδ6.3 High Liver and lymphoid tissue • IFNγ and TNF
• Can produce IL-4  

and IL-17

Vγ2 Not defined Very rare Not defined

Vγ4 Not defined High Lymphoid tissue, lungs, 
liver and inflamed dermis

• IL-17
• IFNγ

Vγ5 Vγ5Vδ1 Invariant Epidermis • IFNγ
• Can produce IL-22 

and TNF

Vγ6 Vγ6Vδ1 Invariant Uterus, lungs, tongue, 
liver, placenta and kidney

• IL-17 and IL-22
• Can produce IFNγ

Vγ7 Vγ7Vδ4
Vγ7Vδ5
Vγ7Vδ6

Intermediate Intestinal mucosa • IFNγ

Human

Vδ1 Not defined High Epithelia, dermis, spleen 
and liver

• IFNγ and TNF
• Can produce IL-17

Vδ2 Vγ9Vδ2 Intermediate Blood • IFNγ and TNF
• Can produce IL-17

Vδ3 Not defined High Liver and gut epithelium Not defined

*The nomenclature used for T cell receptor genes is based on the Heilig and Tonegawa’s system92 for mouse γδ T cells and the 
Lefranc and Rabbits’ system93 for human γδ T cells. IFNγ, interferon-γ; IL, interleukin; TNF, tumour necrosis factor.
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MDSC

Myeloid-derived suppressor 
cells
(MDSCs). A group of  
immature CD11b+GR1+ cells 
(which include precursors of 
macrophages, granulocytes, 
dendritic cells and myeloid 
cells) that are produced in 
response to various 
tumour‑derived cytokines. 
These cells have been  
shown to induce tolerance  
in tumour‑associated  
CD8+ T cells.

Protumour activities of mouse γδ T cells. Recently, 
IL-17-producing γδ T cells have been consistently 
associated with tumour growth and metastasis in mice 
(FIG. 1). Given the lack of γδ T cell-specific (that is, con-
ditional) ablation tools, these conclusions have generally 
been drawn from the following observations: first, γδ 
T cells are a major source of IL-17 in the tumour micro-
environment and second, reduced tumour growth was 
reported in both γδ T cell-deficient (TCRδ-deficient) 
and IL-17-deficient mice. This was observed in sponta-
neous (that is, oncogene-driven) models of breast cancer 
metastasis6 and pancreatic intraepithelial neoplasia31 and 
in several transplantable tumour models (with diverse 
tumour cell lines and various routes of injection: sub-
cutaneous hepa 1–6 murine hepatocellular carcinoma7 
and B16-F10 melanoma32; intravenous Lewis lung car-
cinoma (3LL) and B16-F10 melanoma33; intraperitoneal 
ID8 ovarian cancer8 and MCA-induced CMS-G4 tumour 
cell lines34). Of note, IL-17-producing cells were either 
Vγ4+ cells, in hepatocellular and breast cancers6,7, or 
Vγ6+ cells, most notably in the ovarian cancer model8. 

The preferential accumulation of IL-17- (compared to 
IFNγ-) producing γδ T cells in these tumour models 
has been attributed to the local expression of T helper 
17-driving cytokines, in various combinations: IL-1β6,33 
or IL-6 (REF. 31); IL-1β and IL-23 (REF. 7); IL-6, IL-23 and 
transforming growth factor-β (TGFβ)34; or IL-1β, IL-6 
and IL-7 (REF. 8).

The protumour mechanisms downstream of IL-17 
production by γδ T cells seem to involve different cel-
lular intermediates: endothelial cells, lymphocytes and  
myeloid cells. Using a MCA-induced fibrosarcoma model, 
it was first shown that tumour growth was reduced 
in the genetic absence of IL-17, which correlated with  
limited angiogenesis within the tumour tissue34. The 
production of IL-17 was essentially restricted to CD27− 
γδ T cells, with a minor CD4+ T cell contribution, and 
the authors validated their main results in separate skin 
and colon carcinoma models. Conversely, IL-17 treat-
ment increased the expression of pro-angiogenic factors 
such as vascular endothelial growth factor (VEGF) and 
angio poietin 2 by tumour cells, which is consistent with 
our recent data in a peritoneal ovarian cancer model8.

Subsequent studies have identified an IL-17-mediated 
crosstalk between γδ T cells and myeloid cells that  
promotes tumour cell growth and dissemination. In our 
ovarian cancer model, IL-17 production by γδ T cells  
enabled the recruitment of small peritoneal macrophages 
that supported ID8 cancer cell proliferation8. By con-
trast, it was shown that hepatocellular carcinoma cells 
responded to IL-17 by expressing CXC-chemokine 
ligand 5 (CXCL5) that recruited CD11b+GR1+ myeloid‑
derived suppressor cells (MDSCs)7, which were also 
implicated in lung carcinoma growth and metastasis33.  
The strong protumour activities of MDSCs, including 
the inhibition of both IFNγ production and CD8+ T cell  
cytotoxicity7,33, have been reviewed elsewhere35.

Most recently, the myeloid cells that partner with 
IL-17-producing γδ T cells in a spontaneous breast 
cancer model were identified as CD11b+LY6G+ neutro-
phils, which functionally correspond to granulocytic 
MDSCs6. In tumour-bearing mice, γδ T cells and IL-17 
were required for systemic expansion and polarization 
of neutrophils, which suppressed protective CD8+ T cell 
responses and enhanced pulmonary and lymph node 
metastases (although there was no impact on primary 
tumour development). Collectively, these mouse studies 
established a protumour γδ T cell–IL-17–myeloid cell 
axis that may be a novel target for cancer immunotherapy 
as also recently proposed in humans (see below).

γδ T cells in human cancer
Human γδ TCR-expressing cells constitute 1–5% of 
total T cells in the peripheral blood but make up a major  
lymphoid subset (20–50%) in tissues such as the intestine 
and the dermis1. Similarly to their mouse counterparts, 
human γδ T cells can be categorized on the basis of their 
TCR V gene usage, but the TCRγ and TCRδ loci have 
diverged substantially between rodents and primates12, 
preventing comparison of direct orthologues. Human 
T cells expressing heterodimers of Vδ2 and Vγ9 chains 
account for most (50–95%) of the γδ T cells in peripheral 

Figure 1 | Antitumour versus protumour roles of mouse γδ T cells.  
Antitumour functions of γδ T cells have been associated with cytotoxicity and the 
production of interferon-γ (IFNγ), which can act directly on tumour cells to induce  
the upregulation of MHC class I expression, and thus enhance CD8+ T cell responses. 
By contrast, interleukin-17 (IL-17) production by certain γδ T cell subsets recruits 
immunosuppressive cells, such as myeloid-derived suppressor cells (MDSCs) or small 
peritoneal macrophages, which can promote angiogenesis, tumour cell growth and 
inducible regulatory T (T

Reg
) cell differentiation. Furthermore, γδ T cells producing  

IL-4, IL-10 and/or transforming growth factor-β (TGFβ) seem to suppress antitumour 
immune responses by inhibiting dendritic cell maturation and/or the effector 
functions of γδ T cells, and CD4+ and CD8+ αβ T cells. The T cell receptor (TCR) γ-chain 
variable regions (Vγ) that are preferentially associated with each functional output 
are also shown. CTL, cytotoxic T lymphocyte; CXCL5, CXC-chemokine ligand 5; 
NK cell, natural killer cell; T

H
, T helper; TNF, tumour necrosis factor.
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blood, whereas Vδ1-expressing T cells (paired with dif-
ferent Vγ chains) are most abundant among lympho-
cytes that populate healthy epithelia or infiltrate solid 
tumours (reviewed in REFS 36,37).

Antitumour functions of type 1 cytotoxic γδ T cells. 
Contrary to mouse γδ thymocytes, human γδ thymo-
cytes are functionally immature, but nonetheless are 
highly poised to become type 1 cytotoxic (but not 
type 17) effector cells. In fact, exogenous IL-2 or IL-15 
signals alone, in the absence of TCR stimulation, can 
upregulate type 1 transcription factors and endow 
γδ  thymocytes with IFNγ-producing and tumour- 
killing functions38. Therefore, when expanded in vitro 
in the presence of IL-2, γδ T cells isolated from patients 
with melanoma, glioblastoma, neuroblastoma or renal, 
breast, lung, ovarian, colon, pancreatic or blood cancers  
efficiently killed tumour cell lines and/or primary 
cancer samples36. Although all the underlying studies  
cannot be individually cited here, they have clearly 
established the potent antitumour functions of human 
γδ T cells. Of note, Vδ1+ T cell lines generally out-
performed their Vδ2+ counterparts39 (reviewed in 
REF. 36), which makes it somewhat paradoxical that 
all the clinical applications of γδ T cells have thus far  
concentrated on Vγ9Vδ2+ T cells (see below).

Protumour roles of human γδ T cells. Recently, a pro-
tumour role for IL-17-producing γδ T cells was reported 
for the first time in human cancer9. Specifically, Vδ1+ 
T cells were the major source of IL-17 involved in 
chronic inflammation in colorectal cancer. Moreover, 
IL-17-producing γδ T  cells secreted IL-8, tumour 
necrosis factor (TNF) and granulocyte–macrophage 
colony-stimulating factor (GM-CSF), which recruited 
immunosuppressive MDSCs into the malignant micro-
environment, further driving protumour inflammation. 
Importantly, the extent of IL-17-producing γδ T cell 
infiltration positively correlated with the clinical stage of 
the disease, highlighting the potential cancer-promoting 
role of IL-17-producing γδ T cells in human colo rectal 
cancer9. IL-17-producing γδ T cells have also been 
found to be overrepresented in both the tumour tissue 
and peripheral blood of patients with gallbladder cancer 
(S.V. Chiplunkar, personal communication, 2015). Of 
note, human γδ T cells, unlike their mouse counterparts, 
are not programmed to produce IL-17 under normal 
physiological conditions, but instead require a highly 
inflammatory milieu. For example, IL-17-producing 
Vγ9Vδ2+ T cells accumulate in large numbers in children  
suffering from bacterial meningitis40 and have also been 
observed in patients with non-melanoma skin cancer  
(E.  Lo Presti, F.  Dieli and S. Meraviglia, personal  
communication, 2015).

Strikingly, tumour-infiltrating γδ T cells were shown 
to be the most significant predictor of relapse and poor 
survival in patients with breast cancer41. Although the 
underlying mechanism was not assessed in that study, 
the same group had previously suggested that breast 
cancer-infiltrating Vδ1+ T cells could have immuno-
suppressive roles similar to those ascribed to regulatory 

T cells, such as suppression of dendritic cell matura-
tion, T cell proliferation and IL-2 secretion42. However, 
as discussed elsewhere43, various experimental issues, 
including potential biases conferred by in vitro expan-
sion protocols for the establishment of Vδ1+ T cell 
lines, limit the scope of these findings and urge further 
investigations.

Tumour cell recognition
By Vγ9Vδ2+ T cells. Two decades ago, human Vγ9Vδ2+ 
T cells were found to selectively recognize small non- 
peptidic prenyl-pyrophosphate metabolites of isoprenoid 
biosynthesis, termed phosphoantigens, in a TCR-dependent 
but MHC-independent manner44,45. Although the most 
potent phosphoantigens (such as (E)-4-hydroxy-3- 
methyl-butenyl pyrophosphate (HMB-PP)) are gen-
erated by the 2-C-methyl-d-erythritol-4-phosphate 
(MEP) pathway used by bacteria and parasites, stressed 
or transformed vertebrate cells accumulate metabolite 
inter mediates of the mevalonate pathway (such as iso-
pentenyl pyrophosphate (IPP)) that can also activate 
primate Vγ9Vδ2+ T cells44,46. How the accumulation of 
IPP at high levels in cancer cells may allow it (and other 
phospho antigens) to be specifically recognized as a  
tumour-associated antigen remains highly controversial.

Previous studies indicating that an ecto-F1 ATPase 
structure in a complex with apolipoprotein A1 constituted 
the phosphoantigen-sensing ligand of Vγ9Vδ2+ TCRs 
have been recently challenged by studies on butyrophilin 
3A1 (BTN3A1; also known as CD277)47–49. BTN3A1 is a 
B7 superfamily member that seems to be pivotal in provid-
ing the motifs that are recognized by Vγ9Vδ2+ TCRs48,49. 
The lack of a BTN3A1 orthologue in rodents for example 
may indeed explain why only primates have phospho-
antigen-reactive T cells1. The molecular mechanisms by 
which phosphoantigens interact with BTN3A1 are cur-
rently a matter of intense debate. Direct phospho antigen 
presentation in an extracellular domain of BTN3A1 
or phosphoantigen binding to an intracellular domain 
(B30.2) of BTN3A1 are key alternative proposals49,50. In 
the latter case, phosphoantigen-binding would affect 
TCR engagement indirectly by altering membrane mobil-
ity and/or the structure of extracellular BTN3A1 domains.  
This topic has been thoroughly discussed elsewhere51–53.

Besides the TCRs, NKRs, particularly NKG2D, also 
make important contributions to the tumour reactivity 
of Vγ9Vδ2+ T cells54. Overexpression of the NKG2D 
ligands ULBP1 (UL16-binding protein 1)55 and ULBP4 
(REF. 56) by haematological and epithelial tumours, 
respectively, drive efficient cytotoxic responses by 
Vγ9Vδ2+ T cells. FIGURE 2 provides an overview of TCR 
and NKR interactions with their ligands that mediate 
tumour cell recognition by human γδ T cells.

By Vδ1+ T  cells. Very few TCR ligands have been 
described so far for Vδ1+ T cells. Of these, only MHC 
class I-related chain A (MICA) is a transformation-
inducible protein that can be clearly linked to tumour 
cell recognition. Intestinal Vδ1+ T cells were found 
to target MICA-expressing tumour cells57, seemingly 
by direct binding of MICA to a Vδ1 TCR58, although 
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T cell exhaustion
The impaired ability of effector 
T cells to carry out their 
functions, such as cytotoxicity 
and cytokine secretion,  
owing to chronic stimulation  
by antigens. It is typified by 
increased surface expression  
of programmed cell death 1.

NKG2D is also involved in the recognition. Notably, the 
interaction of MICA with NKG2D was approximately 
1,000-fold stronger than with Vδ1 TCR58. Another 
subfamily of MHC-related molecules (MHC class Ib) 
that are reported to bind Vδ1 TCRs are the glycolipid- 
presenting CD1 molecules, CD1c and CD1d59,60, 
although their relevance to tumour cell targeting remains 
unclear. It was recently shown that germline-encoded 
residues in the extracellular domains of the Vδ1 chain 
mediate binding to CD1d, presenting either the self-lipid 
sulfatide60 or exogenous α-galactosylceramide59, which is 
a well-known NKT cell agonist. While we await the iden-
tification of additional Vδ1 TCR ligands, it is interesting 
to note that a MHC-like protein, the endothelial pro-
tein C receptor (EPCR), which is upregulated in carcino-
mas and in cytomegalovirus-infected cells, was recently 
identified as a cognate ligand for a Vγ4Vδ5+ T cell clone 
isolated from a patient infected with cytomegalovirus61.

Another NKG2D ligand, ULBP3 (also known as 
NKG2DL3), was recognized by Vδ1+ T cells on B cell 
chronic lymphocytic leukaemia (B-CLL) blasts62. 
Moreover, we have found that CLL targeting by  
Vδ1+ T cells can be notably enhanced upon expression 
of natural cytotoxicity receptors (NCRs), especially 
NKp30, following in vitro stimulation with strong TCR 

agonists and cytokines39. Interestingly, NKp30, previously 
regarded as an NK cell-specific receptor, is only expressed 
de novo on Vδ1+ (not Vγ9Vδ2+) T cells39. This, together 
with their increased resistance to both activation-induced 
cell death (AICD) and T cell exhaustion upon continuous 
stimulation37, may render Vδ1+ T cells most suitable for 
adoptive cell therapy in cancer patients.

Therapeutic opportunities
The concept of boosting type 1 cytotoxic γδ T cells in 
patients with cancer is particularly attractive given their 
independence of MHC class  I presentation (which 
tackles a common immune evasion mechanism63) and 
of mutated epitopes (thus making them ideal effectors 
against tumours with low mutation loads64,65). All clini-
cal trials to date have focused on the Vγ9Vδ2+ T cell  
subset, given their relative abundance in peripheral blood  
and the availability of chemical methods to selec-
tively activate and expand these cells both in vitro and 
in vivo. Aminobisphosphonates, such as pamidronate or  
zoledronate, are FDA-approved drugs that are regu-
larly used for the treatment of osteoporosis and bone 
meta stasis in patients with cancer. Notably, these drugs 
interfere with phosphoantigen-processing enzymes 
and thereby increase the intracellular levels of IPP 

Figure 2 | Receptor–ligand interactions mediating tumour cell recognition by human γδ T cells. Interactions mediated 
between γδ T cell receptors (γδ TCRs) and natural killer cell receptors (NKRs; such as NKG2D) and their ligands on the 
surface of leukaemia and carcinoma cells are shown. Although the cancer cell ligands recognized by natural cytotoxicity 
receptors (NCRs) in this context have not been formally characterized, other systems suggest that B7 homologue 6 (B7-H6) 
could be the putative ligand for NKp30 and mixed lineage leukaemia 5 protein (MLL5), a ligand for NKp44. Tumour 
specificity for signalling through the Fc receptor for IgG (FcγRIII; also known as CD16) can be achieved by tumour 
antigen-specific monoclonal antibodies, such as CD20-specific antibody (rituximab) and human epidermal growth  
factor receptor 2 (HER2)-specific antibody (trastuzumab), used in combination with Vγ9Vδ2+ T cell therapy.  
BTN3A1, butyrophilin 3A1; MICA, MHC class I-related chain A; ULBP, UL16-binding protein.
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in tumour cells66. Thus, the clinical manipulation of 
γδ T cells has relied on the administration of such drugs 
or the synthetic phosphoantigen bromohydrin pyro-
phosphate (BrHPP), together with IL-2, either in vivo 
or ex vivo (to activate and expand autologous Vγ9Vδ2+ 
T cells for re-infusion)67–70. In addition to being effectors, 
Vγ9Vδ2+ T cells can also act as potent antigen-presenting 
cells, thus directly priming adaptive immunity. Notably, 
such antigen-presenting γδ T cells can even mediate 
robust cross-presentation of extracellular antigens, in 
the context of MHC class I, to CD8+ T cells71. Although 
this opens up interesting possibilities in cancer immuno-
therapy72, in vivo proof-of-concept of adaptive immunity 
against cancer mediated by antigen-presenting γδ T cells 
is still missing. Overall, despite their promise in pre- 
clinical settings, the clinical performance of Vγ9Vδ2+ 
T cells (reviewed in REF. 70) may have been limited  
by their susceptibility to T cell exhaustion and AICD.

Vδ1+ T cells are less susceptible to AICD and exhaus-
tion37, which may underpin their preferential in vivo 
persistence that seemingly prevents leukaemia relapse 
in some patients receiving haematopoietic stem cell 
transplantation (HSCT)69. In fact, the period following 
haploidentical HSCT in patients with leukaemia has 
emerged as a very promising therapeutic window for 
γδ T cells73,74. However, no clinical trial has yet focused 
on harnessing the antitumour potential of Vδ1+ T cells, 
mostly due to the lack of a clinical-grade protocol to 
selectively activate and expand these cells to sufficient 
numbers either in vivo or ex vivo36,37.

As detailed above and in FIG. 2, NKG2D and some 
other NKRs play a central role in governing the anti-
tumour reactivity of γδ T cells11, and this establishes an 
important parallel with NK cells. These two lymphoid 
lineages also share similar cytokine dependence, func-
tional properties (potent cytotoxicity and IFNγ produc-
tion) and dynamics of response75. The lack of a strong 
influence of MHC class I on effector reactivity and  
the ability of TCR-mediated activation, however, firmly 
distinguish γδ T cells from NK cells, and these cell types 
may, in fact, act as complementary effectors against  
cancer and infections73.

Conclusions, future challenges and perspectives
Recent reports have added a substantial degree of com-
plexity to our understanding of the crosstalk between γδ 
T cells and tumours. Notably, a dichotomy between protec-
tive IFNγ-based versus pathogenic IL-17-driven γδ T cell 
responses has emerged from various mouse tumour 
models10. However, it is important to note that whereas 
IL-17 is readily produced by mouse γδ T cells, it is rarely 
observed in human γδ T cells, except in highly inflamma-
tory conditions40,76. To what extent this includes multiple  
cancers is still to be established by further investigations.

Assuming its physiological relevance in human 
cancer, we need to elucidate how the balance between 
IFNγ- versus IL-17-producing γδ T cells is set within the 
tumour microenvironment. Is it differential recruitment 
(from draining lymph nodes, for example) or expansion 
in situ8? Or can there be a functional reprogramming of 
γδ T cells in the inflammatory tumour milieu36?

γδ T cells are well equipped to detect and react to 
inflammation, which is intimately associated with cancer 
development, progression and metastasis when chronic77. 
It is therefore important to understand how inflamma-
tory stimuli may shape γδ T cell responses to tumours. 
In this context, the microbiota is recognized as a prin-
cipal co-evolved regulator of the mammalian immune 
system77,78. The vast intestinal luminal surface represents 
the principal host–microorganism interface79 and is 
surveyed by specialized γδ intraepithelial lymphocytes 
(IELs)80. γδ IELs mediate early protective immunity 
against gut-resident bacteria that penetrate the intestinal 
mucosal epithelium81, and in turn are themselves regu-
lated by commensal microorganisms. The microbiota 
has also been shown to drive the generation of tumour-
responsive IL-17-producing γδ T cells in the mouse 
lungs82. Tumour-induced disruption of the epithelial 
barrier may mimic mucosal injury83, thus inducing the 
release of commensal bacterial products, leading to 
in situ activation of dendritic cells, production of IL-23 
and differentiation of IL-17-producing γδ T cells; this is 
a plausible scenario in human colon cancer9.

Although the differentiation of IL-17-producing 
γδ T cells within the tumour microenvironment is a  
possibility36 that requires further experimental confir-
mation, our data in mice suggest that functional plastic-
ity is restricted to the acquisition of IFNγ expression by 
IL-17-producing CD27− γδ T cells84, and not the reverse. 
However, if type  17 functional re-programming of 
γδ T cells is observed in human tumours, this will have 
profound consequences for adoptive cell therapies. Of note, 
Vδ1+ T cells polarized ex vivo to secrete IFNγ before being 
transplanted to target established human tumours in xeno-
graft models failed to show any signs of conversion towards 
IL-17 production, even after two months in vivo (B.S.-S., 
unpublished observations). In any case, potent ways to pre-
vent such conversion already exist and include monoclonal  
antibodies that block type 17-inducing cytokines.

Furthermore, it will be important to tackle additional 
tumour-derived mechanisms that may limit protective 
γδ T cell responses. For example, what is the impact of 
immunosuppressive populations, such as regulatory 
T cells and MDSCs, on γδ T cell functions? And how 
strongly does the PD1–PDL1 inhibitory axis suppress 
efficient γδ T cell activation and/or responses in situ? 
Targeting these and other factors, especially through 
combination therapies, may help to improve the clinical 
efficacy of γδ T cells (BOX 1).

Migration and homing properties are also important 
aspects of γδ T cell physiology to consider for cancer 
immunotherapy. The migration of γδ T cells is guided 
by chemokine receptors85,86; for example, CCR9 pro-
motes cell homing to the small intestine, whereas CCR6 
is required for epidermal trafficking or accumulation in 
the injured liver87,88. A study of the migration patterns 
of adoptively transferred Vγ9Vδ2+ T cells in humans 
showed that these cells trafficked predominantly to the 
lungs, liver and spleen, as well as (in some patients) to 
metastatic tumour sites outside of these organs89. This 
reflected the profile of chemokine receptors displayed by 
ex vivo-expanded Vγ9Vδ2+ T cells, which preferentially 
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expressed peripheral tissue-homing CCR5 and CXC-
chemokine receptor 3 (CXCR3) rather than lymphoid-
homing CCR7 and CXCR5. Therefore, chemokine 
receptors are key parameters to consider (and optimize) 
in future adoptive γδ T cell immunotherapies.

Within the tumour, the current data on the prognostic 
value of (total) γδ T cell infiltrates show marked variabil-
ity: from positive (melanoma) to neutral (renal cancer) to 
negative (breast cancer and colorectal cancer) correlations 
with patient outcomes (reviewed in REF. 36). However, a 
very recent analysis of a collection of 39 cancer types 
revealed intratumoral γδ T cells as the most significant 
favourable prognostic immune population90. It will be 
important to revisit and clarify this issue in multiple cancer 
types, with the resolution of IFNγ- versus IL-17-expressing 
γδ T cells. Furthermore, tumour-infiltrating γδ T cells 
dynamically interact with myeloid and lymphoid cells, 
including engaging in regulatory crosstalk between  
γδ T cell subpopulations14,32. These interactions can influ-
ence the functions of intratumour γδ T cell subsets and  
thus the net outcome of their response to tumours.

Finally, it is still unclear how the wealth of recent 
knowledge on BTN3A1 and its role on Vγ9Vδ2+ T cell 
activation may translate to the clinic, but the first steps 
are now being taken in humanized mouse models. An 
alternative to manipulating polyclonal Vγ9Vδ2+ T cells, 
which have variable antitumour reactivity owing to the 
diverse complementarity-determining region 3 domains 
of their individual TCRs, is to transfer selected high-
affinity Vγ9Vδ2+ TCRs to αβ T cells91; this successful 
approach aims to target a broad range of tumour types.

Alternatively, we and others are making great efforts  
to devise clinical-grade protocols to markedly expand 
Vδ2− T cell populations under type 1-polarizing conditions 
and thus allow the first adoptive cell therapy with activated 
Vδ1+ T cells (BOX 1). From a fundamental standpoint, we 
need to understand the tumour-associated antigens that 
are recognized by γδ T cells (most notably by human  
Vδ1+ T cells) via their TCRs or NKRs. This understanding 
will be crucial to grasp the potential of combining TCR 
and NKR targeting, and to rationally select patients for 
future γδ T cell-based cancer immunotherapies.

Box 1 | Emerging avenues for γδ T cell-based cancer immunotherapy

Vγ9Vδ2+ T cells
Use of a combination of established strategies for activation and/or expansion ex vivo and/or in vivo of γδ T cells  
by phosphoantigens and interleukin‑2 (IL‑2) with the following novel approaches:
• Tumour cell‑specific monoclonal antibodies that induce FcγRIII‑dependent antibody‑dependent cellular cytotoxicity 

(ADCC). 

• Chemotherapies to sensitize tumours to the effector γδ T cells, which can be engineered to be chemoresistant. 

• Toll-like receptor agonists, for example polyinosinic:polycytidylic acid or CpG-containing oligodeoxynucleotides.

Use of agonist butyrophilin 3A1 (BTN3A1)‑specific monoclonal antibodies and IL‑2 to: 
• Activate and/or expand effector γδ T cells ex vivo and/or in vivo.

• Sensitize all BTN3A1+ tumour target cells, including those expressing only phosphoantigen-non-responsive BTN3A1 
isoforms, for recognition by γδ T cells.

Vγ9Vδ2+ T cell receptors
Use of cloned high‑affinity Vγ9Vδ2+ T cell receptors (TCRs) to engineer fusion proteins that link the extracellular 
region of the γδ TCRs to the Fc domains of IgG1, producing reagents that induce ADCC. 

Transfer of γδ TCR specificity to αβ T cells using cloned TCRs or chimeric antigen receptors.

Vγ9Vδ2− and Vδ1+ T cells
Use of CD137L+ artificial antigen‑presenting cells and/or γδ TCR‑ or CD3‑specific crosslinking monoclonal antibodies 
together with IL-2, IL-4, IL-15 and IL-21 to generate clinically relevant expanded polyclonal γδ T cell lineages with 
broad antitumour activity.

Ex vivo differentiation of Vδ1+ T cells to enhance expression of functional natural cytotoxicity receptors, in particular 
NKp30, by synergistic TCR and γc cytokine signalling (namely through IL-2 receptor or IL-15 receptor).

Future prospects
Incorporation of complementary strategies with any of the emerging approaches listed above:
• Immune checkpoint blockade, for example, using PD1- or PDL1-specific blocking antibodies.

• Redirection of effector γδ T cells by chimeric antigen receptors that target cell surface tumour‑associated antigens.

• Enhancing tumour tropism, such as by engineered chemokine receptor expression.

In vivo targeting of endogenous protumour γδ T cells and their functions, such as IL-17-producing γδ T cells.
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