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γδ T cells as critical anti-tumor immune 
effectors

Marcel Arias-Badia    1, Ryan Chang1 & Lawrence Fong    1,2 

While the effector cells that mediate anti-tumor immunity have  
historically been attributed to αβ T cells and natural killer cells,  
γδ T cells are now being recognized as a complementary mechanism 
mediating tumor rejection. γδ T cells possess a host of functions ranging 
from antigen presentation to regulatory function and, importantly, 
have critical roles in eliciting anti-tumor responses where other immune 
effectors may be rendered ineffective. Recent discoveries have elucidated 
how these differing functions are mediated by γδ T cells with specific 
T cell receptors and spatial distribution. Their relative resistance to 
mechanisms of dysfunction like T cell exhaustion has spurred the 
development of therapeutic approaches exploiting γδ T cells, and an 
improved understanding of these cells should enable more effective 
immunotherapies.

The majority of T cells express T cell receptors (TCRs) composed 
of alpha and beta (αβ) chains, which are the dominant mediators of 
adaptive immunity. T cells expressing TCRs composed of gamma and 
delta (γδ) chains represent a small fraction of lymphocytes but con-
tribute to both adaptive and innate immunity. Since their discovery 
in the 1980s1,2, their role in contributing to anti-tumor immunity has 
slowly been acknowledged. In contrast to αβ T cells, the study of γδ 
T cells presents some challenges. These include their low abundance 
in blood (representing 5–10% of the total circulating lymphocytes), 
tissue-specific distribution of specific populations and the discrep-
ancy between mouse and human γδ subsets3. Moreover, the ligand 
specificity for each of the different γδ TCRs was mostly unknown until 
the early 2000s, when γδ T cells were found to elicit tumor regression 
in a preclinical skin tumor model through engagement of the NKG2D 
receptor4. They were also reported as a main source for interferon-γ 
(IFNγ) in the tumor microenvironment (TME)5. Preclinical studies in 
a prostate cancer mouse model demonstrated that γδ T cells were 
mediators of tumor cytotoxicity in autologous cell-transfer experi-
ments6. In recent years, γδ T cell infiltration has been shown to be 
the most favorable prognostic factor among different cancer types, 
with a stronger association than αβ T cells7. In this Review, we will 
examine the most recent advances in understanding the roles of γδ 
T cells in tumor immunity as well as efforts to leverage these cells for  
cancer immunotherapy.

γδ T cell biology
γδ T cell ontogeny and biology have been extensively reviewed8–14. 
Similar to the αβ lineage, the γδ TCR is a heterodimer composed of a γ 
chain paired to a δ chain. Unlike the adaptive response for αβ T cells, 
γδ T cells can elicit antigen-driven cytotoxicity in a major histocom-
patibility complex (MHC)-independent fashion, behaving as innate 
effectors, and can recognize a broad range of known antigens as well 
as antigens yet to be identified. Upon activation, γδ T cells can clon-
ally expand15,16 and can induce type 1 helper T cell responses in vivo 
in mice and humans in response to diverse disease scenarios, such as 
cytomegalovirus infection17–19 or cancer4–6,20.

The classification of γδ T cells is based on receptor gene usage, 
which is species specific. The principal murine γδ T cell subsets are 
classified by γ-chain usage (Vγ1–Vγ7), whereas the main human γδ T cell 
subsets are classified by their δ-chain usage21. While the most-studied 
human γδ T cells, using the Vδ2 chain, mostly coupled with the Vγ9 
chain and usually termed Vγ9Vδ2 cells (Vδ2 onward), are predominant 
in the periphery (up to 95% of circulating γδ T cells), other subsets 
(mainly Vδ1, Vδ3, Vδ5) are primarily tissue resident. The Vδ2 TCR rep-
ertoire, the first γδ T cell repertoire generated in the human body, 
appears to have low variability and is even shared between individu-
als22. Vδ2 T cells express multiple natural killer (NK) cell receptors 
that contribute to their cytotoxic activity upon ligand recognition23,24. 
Because they express CD16 or FcγRIII, Vδ2 T cells are also able to 
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among many other functions. Tumor-infiltrating γδ T cells have also 
been described to suppress αβ T cell and dendritic cell function in a 
fashion reversible by engaging Toll-like receptor (TLR) signaling60. 
Conversely, they have also been shown to function as professional 
antigen-presenting cells to αβ T cells in lymph nodes26,61 as well as to 
enable antibody production by B cells62 or to contribute to anti-tumor 
neutrophil infiltration63.

Beyond IL-17+ γδ subsets, recent work has uncovered other 
markers for γδ T cell immunosuppression in IL-17− cells, such as pro-
myelocytic leukemia zinc finger (PLZF) or amphiregulin (AREG) in 
tumor-infiltrating Vδ1 T cells in colorectal cancer64. Tumor-infiltrating 
γδ T cells possessing a regulatory T (Treg) cell-like phenotype have 
also been associated with impaired dendritic cell and CD8+ T cell 
responses60,65 as well as with poor survival in breast66, pancreatic67 
and colorectal cancers68 and multiple myeloma69. Treg cell-like γδ 
T cells expressing high levels of IL-10 and IL-17 were found to ham-
per immune surveillance in pancreatic ductal adenocarcinoma67. An 
immunosuppressive role for IL-4-secreting γδ T cells has also been  
described in vitro70.

The contribution of different γδ populations in anti-tumor immu-
nity varies greatly between subsets and even tumor types. Vδ2+ T cells 
have been most studied in the context of antigen reactivity and have 
been shown to kill tumor cells upon antigen encounter46,71. In addition, 
other subsets expressing alternative Vδ genes (Vδ2−) such as those 
encoding Vδ1, Vδ3 or Vδ5 have also emerged as mediators of cytotoxic 
function in tumors52–54. However, others questioned a therapeutic role 
for γδ cells in renal cancer by showing reduced tumor-infiltrating γδ 
T cell frequencies and lack of correlation with any of the clinicopatho-
logical features included in the study72. In the case of liver cancer, both 
Vδ2+ and Vδ1+ cells showing a CD69+CD49a+CD103+ tissue-resident 
memory phenotype have been recently associated with anti-tumoral 
activity56. Overall, protumoral or anti-tumoral roles in γδ T cells cannot 
solely be predicted by subset or discrete marker expression. Ligand 
specificity and immune functional status, reviewed in the following 
sections, are therefore pivotal determinants of tumor-infiltrating γδ 
T cell fate.

γδ ligands in cancer
In contrast to αβ T cells, which rely on the recognition of processed 
peptides presented on MHCs, identified γδ ligands span a wide range 
of disparate molecules presented in different contexts, ranging from 
MHC class I-like proteins like CD1c or CD1d73,74 to co-stimulatory-like 
proteins like murine SKINT1 (ref. 75) or the BTN protein family76. Vδ1 
γδ T cells recognize multiple MHC-like proteins but also ‘unexpected’ 
self-ligands such as members of the heat shock protein family as well as 
other proteins such as MutS homolog 2 (MSH2) or other stress-related 
candidates8,41,76–80. Vδ3 T cells can recognize CD1d-presented glycolip-
ids and translocated annexin A2 in transformed cells39,77 as well as the 
MHC-like protein MR1 in an antibody-like recognition fashion81,82, even 
though the latter has not been linked yet to tumoral tissue. Vδ5 cells 
have been reported to recognize the endothelial protein C receptor 
(EPCR), also not yet linked to cancerous transformation41. γδ T cells 
that are self-reactive toward specific MHC class I molecules have also 
been suggested83 (Fig. 2).

Malignant transformation can upregulate stress-associated  
molecules, such as MHC class I chain-related protein A (MICA), MICB, 
ULBP1–ULBP6, NECTIN2 and NECTIN5 as well as integrins such as 
ICAM-1 (refs. 41,78,84–86). γδ T cells, like NK cells, express a wide range 
of innate surveillance receptors, including NKG2D, DNAM-1, NKp30, 
NKp44 or LFA-1, to target cells expressing these stress ligands and act as 
co-stimulators of the γδ TCR23,87–89. Vδ2 ligands characterized so far are 
mostly phosphoantigens like isopentenyl pyrophosphate, which accu-
mulates when the mevalonate metabolic pathway is altered in tumor 
cells, or the microbial metabolite methyl-but-2-enyl-pyrophosphate, 
produced by the non-mevalonate isoprenoid synthesis pathway in 

induce antibody-dependent cellular toxicity25. Their unique bridging 
of innate and adaptive immune responses is evidenced by their abil-
ity to cross-present antigens to induce αβ CD8+ T cell responses26,27.  
Vδ1 T cells, the most promiscuous γδ subset, pairing with γ-chains  
Vγ2–Vγ5, Vγ8 and Vγ9, are enriched in the skin, spleen, liver and gut, 
where they facilitate tissue homeostasis10. They can represent up to 30% 
of circulating γδ T cells and present a private (nonshared) and more 
variable adult TCR repertoire than Vδ2 T cells28,29. Subset characteriza-
tion in healthy donors has shown that most circulating Vδ1 T cells could 
be categorized as primarily CD27− naive or CD27+ effector memory 
cells30, while Vδ2 cells presented a more terminal effector phenotype 
in circulation, with no significant differences in early or late activation 
marker expression30. Vδ1 T cells express NK cell receptors like NKG2D 
as well as other innate receptors, such as NKp46, NKp30 or NKp44, that 
enable cytotoxicity31–34. They are major mediators of cytomegalovirus 
and clearance of Epstein–Barr virus infection17,19,35–37. Vδ3 T cells, paired 
with either Vγ2 or Vγ3 cells, are a minor circulating (<1%) γδ T cell subset 
that is also enriched in the intestines and the liver, showing functional 
overlap with Vδ1 T cells38–40. Finally, Vδ5 cells, paired with the Vγ4 chain, 
tend to be found mainly in peripheral blood, although at much lower 
frequencies than Vγ9Vδ2 cells, and in the skin21,41.

Continued efforts have been made for comprehensive identifica-
tion of γδ TCR ligands, thoroughly reviewed by others42. Vδ2 cells rec-
ognize phosphoantigens, small nonpeptidic byproducts from bacteria 
and tumor cell metabolism, through a mechanism regulated by the 
endogenous butyrophilin (BTN) protein family. Since the first studies 
in the 1990s, activation of Vδ2 cells by phosphoantigens or phosphoan-
tigen analogs, such as zoledronate, has been largely reported to induce 
activation and cytotoxicity43–46. However, the specific molecular hier-
archies orchestrating γδ ligand sensing are still not fully understood. 
It is generally accepted that the participation of the protein complex 
composed of up to three members of the BTN protein family, BTN3A1, 
BTN3A2 and BTN2A1, is critical for effective signaling. The necessary 
binding of the Vγ9 domain of the γδ TCR to BTN2A1 and the poten-
tial binding of BTN3A1 to the Vδ2 chain for effective activation upon 
phosphoantigen recognition have been previously demonstrated47. 
Recent work has hugely contributed to the elucidation of such mecha-
nisms by identifying the critical role for the BTN2A1 V domain in the 
recruitment of the γδ TCR as well as the improved characterization 
of efficient signal-transducing BTN3A heteromers48. Further studies 
of ligand-mediated activation of γδ T cells may enable more effective 
γδ-based technologies.

γδ T cells in cancer immunity
The field of cancer immunology does not cease to expand. The study 
of tumor-infiltrating γδ T cells has spurred huge interest in the past 
decades, which has led to important yearly milestones. However, γδ 
T cell research often faces challenges in resolving ambiguous observa-
tions, and there are still many underexplored or not yet fully disclosed 
features of γδ T cell biology impacting the fate of tumors. In the follow-
ing section, we will discuss the current knowledge of protumoral and 
anti-tumoral functions of γδ T cells as well as their ligand specificity 
and functional status.

Protumoral and anti-tumoral roles for infiltrating γδ T cells
γδ cells can possess both innate and adaptive pleiotropic functions that 
either enhance tumor progression or help to mediate tumor rejection, 
summarized in Fig. 1 and previously reviewed by others11,49–51 (Fig. 1). 
Tumor-infiltrating γδ populations have been known to contribute to 
anti-tumor immunity52–56 and can mediate strong anti-tumor responses 
via IFNγ and tumor necrosis factor (TNF) by cytolytic mechanisms57. On 
the other hand, they can also possess immunosuppressive function. 
For example, interleukin-17 (IL-17)-expressing γδ T cells, enacting the 
main γδ-mediated immunosuppressive pathway identified to date, 
can lead to the accumulation of myeloid-derived suppressor cells58,59, 
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non-eukaryotic organisms, in a mechanism governed by the initial 
interaction between phosphoantigens and members of the BTN pro-
tein family90,91, although Vδ2 recognition of alternative ligands, such 
as apolipoprotein A1 (ApoA1) or ectopically expressed MSH2, has been 
reported80,85,92. Phosphoantigen analogs, such as the aminobiphospho-
nate zoledronic acid (zoledronate), can also activate Vδ2 cells in the 
cancer setting93. Non-Vδ2 subsets, collectively termed ‘Vδ2−’, recognize 
a spectrum of tumor antigens that have not been fully determined. They 
can bind MICs, lipid-loaded CD1 molecules, among others mentioned 
above. Studies in lung, breast, kidney or colorectal cancer have also 
underscored the potential of exploiting tumor-infiltrating Vδ2− γδ 
T cells in cancer immunotherapy52–54,56.

While the thresholds enabling γδ T cells to recognize stress con-
ditions are still largely unknown, the interaction between the γδ TCR 
and members of the BTN family on target cells, particularly on Vδ2 
T cells, can serve as triggering events94. Recently, functional CRISPR 
screens of tumor cells have elucidated how such stress-induced ligands, 

such as members of the BTN2A1–BTN3A protein complex, become 
upregulated in target tumor cells and influence Vδ2-mediated target 
cell killing. These studies demonstrate the importance of metabolic 
pathways in response to alterations of the cellular energetic state, such 
as the AMP-activated protein kinase (AMPK) pathway, in driving γδ 
T cell responses. γδ T cells were shown to simultaneously detect these 
increased stress-induced pathways along with reduced oxidative phos-
phorylation, one of the key features of transformed malignant cells. 
These findings, which were validated in patients with cancer, highlight 
opportunities for exploiting γδ T cell tumor immune surveillance and 
could guide parallel studies for elucidating the specific stress-induced 
pathways that engage Vδ2− γδ T cell responses95.

γδ T cell exhaustion in tumors
Mixed immunosuppressive and anti-tumoral γδ T cell phenotypes 
are commonly found in human tumors, which is prompting research-
ers to refine their analysis tools to minimize ambiguity96. While T cell 
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Fig. 1 | Protumoral and anti-tumoral roles of γδ T cells. Tumor-infiltrating 
γδ T cells present a wide and often opposing functional spectrum. They can 
contribute to anti-tumor immunity by acting as antigen presenters to αβ T cells, 
by activating dendritic cells (DCs), by promoting antibody production by B cells, 
by co-stimulating innate cells, such as NK cells, by promoting reactive oxygen 
species (ROS) production by neutrophils, thereby inhibiting immunosuppressive 
IL-17 signaling, and by mediating direct or indirect cytotoxicity on target tumor 
cells (right). On the other hand, they can contribute to tumor immune escape 
by recruiting immunosuppressive myeloid-derived suppressor cells (MDSCs) 

and neutrophils by means of IL-17 secretion, by inducing senescence in tumor-
reactive αβ T cells and neighboring dendritic cells, by upregulating immune 
checkpoints leading to exhausted dysfunctional states, by promoting wound 
healing and survival pathways in tumor cells via cytokine signaling and by 
inhibiting bystander γδ T cell responses by IL-4 and IL-10 release (left). CXCL8, 
C–X–C motif chemokine ligand 8; FASL, Fas ligand; GM-CSF, granulocyte–
macrophage colony-stimulating factor; HLA, human leukocyte antigen; NKR, NK 
cell receptor; TRAIL, TNF-related apoptosis-inducing ligand.
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exhaustion as a dysfunctional tumor-infiltrating T cell state resulting 
from chronic antigen stimulation has been clearly established in αβ 
T cells97–99, the capacity of γδ T cells to become exhausted is less clear. 
Tumor-infiltrating γδ T cells can express immune checkpoints repre-
senting putative exhaustion markers100, generally higher in Vδ1 cells 
than in Vδ2 cells30. The sensitivity of human Vδ2 T cells to inhibition 
by the CD86–cytotoxic T lymphocyte-associated protein 4 (CTLA4) 
axis has been described101. Exclusively immunosuppressive γδ T cell 
function by immune checkpoints has indeed been reported in mul-
tiple malignancies. PD-1 ligand-positive (PD-L1+) tumor-infiltrating 
γδ T cells in response to IFNγ, similar to αβ T cells, have been identi-
fied in neuroblastoma102. CD39+CTLA4+PD-1+ Treg cell-like γδ T cells 
were found to hamper αβ CD8+ responses via the adenosine receptor 
pathway in colorectal cancer68. Similarly, irreversibly dysfunctional 
Vδ2 T cells have been identified in the bone marrow of patients with 
multiple myeloma69, and PD-1+ γδ T cells from patients with leukemia 
were found to secrete significantly reduced levels of IFNγ in vitro, in an 
apparently immune checkpoint inhibition-resistant fashion103. In this 

latter and other studies, Vδ2− T cells, particularly from the Vδ1 subset, 
appear to be the predominant PD-1-expressing γδ T cell population, 
but more extensive research is needed to fully elucidate their role in 
tumors and the contribution of the relevant subsets.

Despite the expression of canonical exhaustion markers includ-
ing the combination of PD-1, TIM3 and TIGIT, γδ T cells were still able 
to expand and kill autologous tumor cells in vitro and were associated 
with favorable clinical responses in patients with urothelial cancer 
treated with immune checkpoint inhibition53. Similarly, PD-1+ Vδ1 and 
Vδ3 tumor-infiltrating γδ T cells were key contributors to autologous 
tumor killing in patients with mismatch repair-deficient colon cancer52. 
PD-1+ Vδ2 cells were reported to induce IFNγ–TNF-driven anti-tumoral 
responses in hematological malignancies104. TIGIT+TIM3+PD-1+CD39+ 
Vδ1 and Vδ2 γδ T cells were found in tissues and the circulation in 
patients with ovarian cancer, with an observed high frequency of 
tissue-resident effector memory traits in the Vδ1 compartment105. 
Another study in patients with colorectal cancer showed significantly 
increased cytotoxic molecule expression (GZMB, PRF1), moderate 
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exhaustion (TIGIT, lymphocyte-activating protein 3 (LAG3), TIM3, 
CTLA4) and glycolytic metabolic advantage in tumor-infiltrating γδ 
T cells compared to CD8+ TILs64. In the context of non-small cell lung 
cancer (NSCLC), effector-like and tissue-resident memory-like subsets 
of Vδ1 infiltrating γδ T cells with varying expression of the exhaus-
tion markers PD-1, PD-L1 or TIGIT were associated with increased 
relapse-free survival55. In the context of immune checkpoint inhibition 
with blocking antibodies, it has been shown that increased Vδ2 cells, 
but not Vδ1 cells, correlated with clinical benefit in patients with mela-
noma treated with anti-CTLA4 therapy106. Similar findings involving 
exhausted PD-1+TIM3+CD39+ γδ T cells associated with clinical benefit 
were reported in ovarian cancer107. In a recent side-by-side comparison 
of melanoma- and lung-infiltrating αβ and γδ T cells by means of ex vivo 
tissue explants, PD-1+ Vδ1 T cells showed diminished transcriptional 
evidence of terminal exhaustion compared to PD-1+CD8+ T cells, were 
more able to maintain effector function and were valid predictors of 
response to checkpoint inhibition in patients with melanoma108. A 
similar observation was also recently reported showing that clonally 
expanded PD-1+TIGIT+ Vδ1 T cells were correlated with clinical benefit 
in a patient with Merkel cell carcinoma who had a complete response 
after treatment with anti-PD-1 therapy109. Thus, although γδ T cells can 
express markers of exhaustion, it seems that they are able to maintain 
their anti-tumor effector function.

The potential resistance to TME-mediated exhaustion in compari-
son to αβ T cells in certain circumstances, summarized with reported 
T cell functional states in Fig. 3, showcases γδ T cell biology as a very 
appealing platform to develop or improve current cancer immuno-
therapies that are not able to provide sustained tumor-eliminating 
capabilities (Fig. 3). Unambiguous success using γδ T cell-based immu-
notherapies has been infrequent. To date, most efforts have revolved 
around Vδ2 γδ T cells due to their known cytotoxic features. With the 
emerging data in which anti-tumoral Vδ2− subsets have been identified 
in different cancer types52,53,55,108, expanding therapeutic approaches 
that tap the potential of Vδ2− T cells represents an opportunity for 
the future.

Adoptive γδ T cell therapies
The initial clinical trials to leverage γδ T cells focused on adoptive 
transfer of Vδ2 cells, specifically Vγ9Vδ2 T cells110, given their high 
prevalence in the blood. Overall, this approach has been safe but also 
showed modest clinical efficacy. These studies included a range of dif-
ferent cell-expansion protocols and delivery methods (with or without 
cytokines or other stimulating drugs), summarized in Table 1.

One of the earliest demonstrations of using adoptively transferred 
Vγ9Vδ2 T cells for the treatment of renal cell carcinoma was reported 
in 2007 (refs. 111,112). In this first open-label pilot study, peripheral 
blood nuclear cells were isolated from patients, treated with 2-methyl
-3-butenyl-1-pyrophosphate antigen and recombinant human IL-2 to 
selectively expand Vγ9Vδ2 T cells and subsequently adoptively trans-
ferred into seven patients with cytokine-refractory metastatic renal 
cell carcinoma. Following adoptive transfer of Vγ9Vδ2 T cells, these 
cells were detected in systemic circulation, although at low levels. 
The treatment was tolerated without notable toxicity but also without 
clear efficacy.

In 2008, an autologous Vγ9Vδ2 T cell product (Innacell γδ) 
was studied in combination with a low dose of IL-2 in patients with 
metastatic renal cell carcinoma113. Ten patients were treated, and 

immunophenotyping data demonstrated that IL-2 rescues Vγ9Vδ2 
T cells following initial clearance. Disseminated intravascular coagula-
tion was detected as a dose-limiting toxicity in one patient who received 
a dose of 8 billion cells. Other toxicities included gastrointestinal side 
effects, fatigue, fevers, rigors, hypotension and tachycardia. There were 
no responders, and the best outcome was stable disease in six patients.

In another phase 1 study, autologous zoledronate and IL-2- 
expanded γδ T cells were studied in patients with recurrent non- 
small cell lung cancer114. Ten patients were treated with adoptively 
transferred autologous γδ T cells 2 to 12 times every other week. No 
treatment-related adverse events or objective responses were seen. 
Plasma IFNγ was used as a biomarker, and there was measurable eleva-
tion of IFNγ in five of ten treated patients, who happened to be those 
who had stable disease as the best response.

Similar efforts were made in breast cancer in 2010. In a phase 1 
study, zoledronate was used as a Vγ9Vδ2 T cell agonist and combined 
with low-dose IL-2 for treating advanced metastatic breast cancer115. The 
study demonstrated good tolerability and showed that the interven-
tion promoted effector maturation of Vγ9Vδ2 T cells. Cancer antigen 
(CA)15-3 levels were reduced in patients who showed sustained levels 
of peripheral Vγ9Vδ2 T cells. The remainder of the patients who did 
not have detectable sustained Vγ9Vδ2 T cells in the periphery showed 
disease progression. In 2011, another trial of autologous Vγ9Vδ2 T cells 
in patients with metastatic solid tumors was performed116. The cell 
therapy was well tolerated, with only 7 out of 18 patients experiencing 
fevers that were manageable and resolved within 24 h. Of the three 
patients who continued their anti-cancer therapy that was not work-
ing before cell therapy, the authors saw two partial responses and one 
CR. While this experience was quite limited, these results provided 
the rationale for subsequent studies combining γδ T cells with chemo-
therapy. The authors also demonstrated using 111ln radiolabeling that 
adoptively transferred Vγ9Vδ2 T cells localize to lungs, liver and spleen 
within the first 24 h.

A more recent open-label single-arm phase 2 trial investigated 
zoledronate-expanded autologous Vγ9Vδ2 T cells for the treatment 
of refractory NSCLC. Of 25 treated patients, 16 patients completed 
the planned six infusions of γδ T cells117. Median progression-free 
survival (PFS) was 3.4 months, and median overall survival was 15.5 
months, and there was only one objective partial response (4%). Severe 
adverse events developed in nine patients, with one patient developing 
pneumonitis related to Vγ9Vδ2 T cell infusion. One patient displayed 
reduced lesions in the lung, and lymphadenopathy was reduced sub-
stantially following the second infusion, but, unfortunately, the patient 
had disease progression due to new liver metastasis. Immunopheno-
typing revealed that Vγ9Vδ2 T cell number and percentage in peripheral 
blood nuclear cells gradually increased with each injection over the 
course of the treatment, and adoptively transferred Vγ9Vδ2 T cells 
displayed a CD45RA−CD27− effector memory phenotype in the blood.

Combinations of γδ T cells with systemic therapy other than IL-2 
in earlier disease settings have also been reported118, such as adjuvant 
gemcitabine with autologous γδ T cell transfer in patients with cura-
tively resected pancreatic cancer. Safety signals were consistent with 
expected toxicity arising from gemcitabine chemotherapy without 
severe adverse events related to the added γδ T cell therapy. However, 
relapse-free survival and overall survival of patients treated with the 
γδ–gemcitabine combination treatment were no different than in those 
treated with gemcitabine only. Serial infusions were correlated with 

Fig. 3 | Immune checkpoint expression related to the function of tumor-
infiltrating γδ T cells. a, Summary of immune checkpoint expression on tumor-
infiltrating αβ T cells (left) and γδ T cells (right) with associated function and 
clinical relevance across different cancer types. Correlation with clinical benefit 
has been reported for both Vδ1 and Vδ2 T cells in patients with malignancies 
treated with immune checkpoint inhibition, such as the anti-PD-L1 antibody 
atezolizumab for urothelial tumors53 or the anti-CTLA4 antibody ipilimumab in 

melanoma106, respectively. The following references are cited in panel a:  
refs. 52,53,55,64,68,69,102–109. b, Vδ1 T cells in the TME generally express  
higher levels of PD-1 than Vδ2 T cells but can retain equal or even higher levels  
of effector and memory function. CRC, colorectal cancer; FOXP3, forkhead  
box P3; freq, frequency; MM, multiple myeloma; MMRd, mismatch repair-
deficient tumors; RCC, renal cell carcinoma; TRM, tissue-resident memory.
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greater levels of γδ T cells detected in the circulation, and those who 
had higher amounts of detected peripheral γδ T cells experienced a 
trend toward more favorable relapse-free survival and overall survival.

Genetically modified γδ T cells
γδ T cells have also been modified in an effort to enhance their anti- 
tumor efficacy. An autologous γδ T cell product has been genetically 
modified with an MGMT chemotherapy-resistance gene (auto-drug 
resistant immunotherapy)119 and was studied in a phase 1 trial in patients 
with glioblastoma after surgical recession and 6 weeks of induction 
with concurrent temozolomide and radiation. During the subsequent 
six cycles of maintenance temozolomide, patients also received  
INB-200, a γδ T cell therapy.

Of the 18 patients that enrolled, 4 autologous γδ T cell products 
failed manufacturing. There were three deaths related to disease pro-
gression and three deaths that were unrelated to treatment. There 
were no serious toxicities attributable to the cell therapy; however, 
there were also no responders, and the PFS ranged between 7.1 and 22.8 
months and ongoing. Temozolomide is known to have lymphosuppres-
sive effects, and, indeed, immunophenotyping studies showed that 
there was significant reduction of T cells, B cells and NK cells to low 
normal or below-normal levels. Tumor biopsies comparing baseline 
and 148 d after infusion of INB-200 with concurrent temozolomide 
demonstrated the presence of tumor-infiltrating γδ T cells, which 
indicated that the engineered MGMT resistance gene was functional. 
A phase 1b–2 study (NCT05664243) of allogeneic or autologous γδ 
T cells in combination with maintenance temozolomide is ongoing for 
patients with recurrent or newly diagnosed glioblastoma.

Allogeneic γδ T cell therapies
Beyond autologous γδ T cells, there have also been efforts to engineer 
off-the-shelf allogeneic γδ T cells for more acute conditions that require 
prompt therapeutic interventions, previously reviewed by others120. 
OmnImmune (TC BioPharm) is an unmodified allogeneic Vγ9Vδ2 γδ 
T cell product being studied in patients with AML. In a phase 1 trial 
(NCT03790072), adoptive transfer of γδ T cells from haploidentical 
donors was used to treat patients with refractory or relapsed AML.

Seven patients with bone marrow blasts >5% received 
donor-derived T cell products121. There were in total four serious 
treatment-emergent adverse events including febrile neutropenia, 
Clostridium difficile colitis, gastrointestinal hemorrhage and one 
incident of grade 5 pneumonia. Of the seven treated patients, only 
four lived long enough to have a 28-day bone marrow evaluation, of 

which one achieved a complete response and one achieved a morpho-
logical leukemia-free state, one had stable disease and one showed no 
response. Redosing was performed for the three patients who experi-
enced a complete response, a morphological leukemia-free state and 
stable disease. Despite redosing, all the patients had disease progres-
sion in the marrow by day 100. This outcome again highlights the lack 
of persistence that has yet to be overcome.

An allogeneic γδ T cell (DeltaEx Allo) is being tested in patients 
with acute leukemia after haploidentical hematopoietic stem cell 
transplant. This is a single ascending-dose 3 + 3 design, with two dose 
cohorts at 106 cells per kg and 3 × 106 cells per kg as the two treatment 
arms (NCT03533816).

There were no dose-limiting toxicities, cytokine-release syn-
drome, immune effector cell-associated neurotoxicity syndrome or 
graft-versus-host disease grade 3 or higher. Of the four patients in 
cohort 1, there were two of three patients who are still on study over 2 
years who remain in morphological complete remission, with another 
third patient approaching the 2-year follow-up including one patient 
surpassing 3 years without leukemic relapse. The fourth study patient 
also has a complete remission and is ongoing at month 7. Three patients 
have been treated with dose level 2, and all are in remission with ongo-
ing follow-up. In vivo persistence and expansion of γδ T cells were meas-
ured, and there was a dose-dependent increase of circulating γδ T cells 
at days 60 through 180 for DeltaEx Allo γδ T cell-treated patients, which 
is promising. At the 2023 American Society of Hematology conference, 
updated data showed that 100% of patients (ten out of ten) remained 
in morphological complete remission and are still on study, including 
six patients that have persistence of more than a year122,123. Impressive 
in vivo persistence and expansion of γδ T cells were detected for up to 
1 year of follow-up. A phase 1b expansion of ten patients at dose level 2 
is underway to validate this result.

Chimeric antigen receptor-modified γδ T cells
An allogeneic γδ chimeric antigen receptor (CAR) T cell therapy 
(ADI-001) is being developed as a potential treatment for relapsed 
or refractory B cell non-Hodgkin’s lymphoma (NHL) (B-NHL)124. ADI-
001 targets lymphoma cells via an anti-CD20 CAR and γδ innate and 
T cell endogenous cytotoxic receptors. Vδ1 cells were expanded from 
peripheral blood of normal healthy donors and engineered with a 
second-generation CAR construct (4-1BBz) to create an allogeneic 
CAR T cell product. ADI-001 was studied in the first-in-human study 
GLEAN in a 3 + 3 dose-escalation design125. Four dose cohorts were 
studied, from 30 million cells up to 1 billion cells. Patients underwent 

Table 1 | γδ T cell products under development

Drug name Allogeneic vs 
autologous

Company Indication Current phase Trial number

ADI-001 Allogeneic Adicet Bio Diffuse large B cell lymphoma, NHL 1 NCT04735471

INB-100 Allogeneic IN8bio AML 1 NCT03533816

INB-200 Autologous IN8bio Brain cancer (malignant glioma; 
anaplastic astrocytoma and 
glioblastoma)

1/2 NCT05664243

OmnImmune Allogeneic TC BioPharm AML 1/2 NCT05358808

ICT01 N/A ImCheck Multiple solid tumors 1/2 NCT05307874 NCT04243499

GDX012 Allogeneic Takeda Pharmaceutical AML 1/2 NCT05886491

INB-400 Autologous IN8bio Brain cancer (malignant glioma; 
anaplastic astrocytoma and 
glioblastoma)

IND NCT04165941

ADI-270 Allogeneic Adicet Bio Solid tumors Preclinical N/A

GDT201 Undisclosed Gadeta Colorectal cancer Preclinical N/A

INB-300 Undisclosed IN8bio Solid tumors Preclinical N/A

IND, Investigational New Drug application; N/A, not available.
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lymphodepletion under a standard regimen or an enhanced regi-
men before the infusion of ADI-001. Thus far, 24 heavily pretreated 
patients have been enrolled, with 12 of these patients having received 
prior anti-CD19 CAR T therapies. Notably, 8 of these 12 patients 
had progressed within 6 months from the date of autologous CD19  
CAR T cell therapy.

ADI-001 was reasonably tolerated without any serious incidence of 
cytokine-release syndrome or immune effector cell-associated neuro-
toxicity syndrome, which are toxicities often seen with αβ T cell-based 
CAR T therapy. Starting at dose level 3, there was one patient with 
cytokine-release syndrome and two patients with infection. However, 
no dose-limiting toxicities have been observed. In the overall popula-
tion, ADI-001 achieved a 71% objective response rate (ORR) and a 63% 
complete response rate across all dose levels in patients with a median 
of four prior lines of therapy. At the highest dose level 4, which is also 
the recommended phase 2 dose, of eight patients, there was a 75% ORR, 
including a 62.5% complete response rate. However, the durability of 
response is inadequate, as only 25% of patients remain in complete 
response at 6 months. In three patients after CAR T therapy, ADI-001 
achieved 100% ORR and 67% complete response, with just one of three 
patients still in complete response at 6 months. The persistency of γδ 
CAR T cells after infusion was measured by flow cytometry, and there 
was a dose-responsive relationship of higher levels of detected CAR+ 
Vδ1 cells per microliter with each subsequent increased dose level. 
ADI-001 CAR transgene copies were also measured, and, at dose level 
4, which was 1 billion cells infused, the transgene copy number was 

maintained throughout day 28. Longer-term persistence has yet to 
be established.

One approach to overcome this persistence obstacle is the addition 
of cytokine production into the CAR T cells. Second-generation CD20 
γδ T cells with the 4-1BB co-stimulatory domain with third-generation 
CD20 γδ T cells engineered with the 4-1BB co-stimulatory domain and 
IL-15 secretion drastically improved anti-tumor activity in preclinical 
models126. This will be tested in a phase 1 trial that will explore the 
maximum tolerated dose of ADI-001 alone or in combination with IL-2, 
which may lead to better persistence. The durability of efficacy still falls 
below the autologous CD19 CAR T standard of care.

Bispecific antibodies
A bispecific antibody that binds to CD16A on NK cells and CD30 on 
lymphoma cells (AFM13) can activate both NK cells and γδ T cells to 
target CD30-positive lymphomas127. Treatment with AFM13 was well 
tolerated: only two treatment-associated serious adverse events were 
reported, and all serious adverse events resolved completely. With an 
ORR of 16.7% and a 12-month PFS of 12.6% (95% confidence interval, 
3.2–28.9), treatment efficacy of AFM13 monotherapy in all evaluable 
patients was modest.

Activation of endogenous γδ T cells
An anti-BTN3A monoclonal antibody (ICT01) that was designed to 
induce specific activation of Vγ9δ2 T cells128 has been studied in com-
bination with IL-2 in a phase 1 study in patients with colorectal, ovarian, 
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Fig. 4 | Approaches to current challenges and desired outcomes.  
γδ T cell studies have yielded mixed results and may be explained by lack of 
tumor infiltration, lack of persistence, anergy and exhaustion of cells and an 
immunosuppressive TME (left). There are numerous approaches being explored 
to overcome these limitations, with the goal of having increased T cell-infiltrated 

tumor tissue, improved cell persistence and in situ expansion, sustained 
proliferation and cytotoxicity and a more immunogenic TME (middle and right). 
ECM, extracellular matrix; HER2, human epidermal growth factor receptor 2; 
sIL-15, soluble IL-15; TAMs, tumor-associated macrophages; TGFβ, transforming 
growth factor-β.
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prostate and pancreatic cancer129. The combination of ICT01 with 
low-dose subcutaneous IL-2 has been safe thus far. Of 18 patients, the 
best response was stable disease up to 24 weeks. The combination of 
ICT01 with low-dose subcutaneous IL-2 induced robust and selective 
expansion of γ9δ2 T cells above baseline across all cohorts, peaking at 
days 8–15 of expansion, recurring in subsequent cycles. Expansion of 
γ9δ2 T cells was also associated with increases in the Ki67 proliferation 
marker and increased immune checkpoint expression.

Translational challenges
Expansion and manufacturing
γδ T cells occur at low physiological frequency in the periphery and are 
difficult to expand ex vivo. Phosphoantigen-mediated activation of 
γδ T cells hinges on their intracellular binding to members of the BTN 
protein family, which are then able to activate the γδ TCR47. Within the 
γδ T cell, phosphoantigen recognition leads to phosphorylation events, 
calcium influx and the activation of various kinases (for example, MAPK, 
PI3K–AKT), which collectively orchestrate cellular responses. Phos-
phoantigen–BTN activation of γδ T cells initiates signaling cascades, 
including the activation of protein kinases and phosphatases, ulti-
mately leading to T cell activation.

The Vγ9Vδ2 subset of γδ T cells, found predominantly in human 
peripheral blood, is highly responsive to phosphoantigens. While 
MHC-unrestricted BTN–phosphoantigen recognition is a pivotal 
trigger, optimal activation and expansion of γδ T cells necessitate 
co-stimulation through co-receptors, such as NKG2D, and cytokine 
support. IL-2 and IL-15, for instance, provide essential signals for γδ 
T cell proliferation, survival and effector functions11. Challenges in 
the field, summarized in Fig. 4, include optimizing culture conditions, 
minimizing exhaustion of expanded cells and enhancing homing to 
target tissues (Fig. 4).

Persistence
The allogeneic ADI-001 therapy showed initial complete response 
and ORR against NHL, but with most patients relapsing in less than 6 
months, which makes it less attractive than approved CD19 CAR T prod-
ucts. Persistence represents another major challenge for innate-like 
immune cellular therapies like NK and γδ T cells; further cellular engi-
neering and innovative combinations would be needed to overcome 
this barrier. For example, off-the-shelf Vδ1 γδ T cells engineered with 
a glypican 3 (GPC-3)-specific CAR and soluble IL-15 display robust 
anti-tumor efficacy against hepatocellular carcinoma130. Tumor control 
is dependent on the long-term ability of Vδ2 T cells to effectively dis-
cern and target malignant cells, orchestrate robust immune responses 
against neoplastic tissues and sustain the production of cytotoxic 
effector molecules and immunomodulatory cytokines. This would 
also involve mechanisms to uphold cellular activation, preserve effec-
tor functions and sustain effector cytotoxicity when confronted with 
tumor-associated antigens.

Extended and repeated stimulation can drive functional exhaus-
tion of Vδ2 T cells. Strategies aimed at mitigating or forestalling this 
exhaustion are paramount for the preservation of therapeutic efficacy. 
Genetic modifications to counteract exhaustion-associated signaling 
pathways or the integration of combination therapies are strategies 
being employed to address this challenge.

Protection from immunoregulatory mechanisms
Tumor cells adeptly construct an immunosuppressive microenviron-
ment that may neutralize the activity of therapeutic immune cells 
such as Vδ2 T cells (Fig. 4). Long-term persistence of γδ T cell function 
necessitates the implementation of strategies to shield these cells from 
immunoregulatory elements, either by combination with immune 
checkpoint inhibitors or by genetically engineering γδ T cells to aug-
ment cellular activity and resilience to these inhibitory influences. 
The overarching goal is to conceive therapeutic regimens that not 

only elicit initial tumor control but also provide patients with dura-
ble, sustained and protracted therapeutic responses to effectively  
combat malignancies.

Conclusions
While immunotherapy approaches including immune checkpoint 
blockade and CAR T cells have historically focused on αβ T cells for 
effector function, it is now clear that γδ T cells can also be leveraged 
for cancer rejection. Indeed, γδ T cells have advantages over αβ T cells 
in a growing number of settings. In many cases, αβ T cell responses are 
susceptible to tumor escape by MHC loss in tumor cells, which renders 
the treatments futile131. Alternative immune checkpoint upregulation 
can also hamper anti-tumor αβ responses. After prolonged exposure to 
tumor antigens, lack of persistence and metabolic burden can also limit 
their function. On the other side of the balance, overwhelming αβ T cell 
activation and amplification can also lead to severe adverse effects.

γδ T cell antigen recognition is MHC independent, which not only 
overcomes MHC loss but also has huge implications for the feasibility of 
γδ T cells as off-the-shelf therapeutic products for allogeneic treatment 
of cancer. They seem more resistant to immune checkpoint-mediated 
dysfunction than their αβ counterparts as well as less prone to exces-
sive activation, as shown in the currently available clinical data. Their 
broad, and still in ongoing discovery, tumor ligand reactivity and innate 
receptor spectrum might render them prepared for more sensitive 
sensing of emerging malignancy. They are also able to sustain and 
amplify anti-tumor responses by cytokine secretion and interaction 
with other tumor-infiltrating immune cells like neutrophils, dendritic 
cells, B cells and even αβ T cells.

After years of great focus on the Vδ2 subset, recent evidence in 
multiple tumors showed associations of other γδ subsets with increased 
patient survival or clinical benefit, posing the consideration of the more 
diverse, yet unexplored, Vδ2− subsets as serious complementary candi-
dates for bringing qualitative improvement to current γδ-based immu-
notherapies52,53,55,64. Their advantageous tissue homing facilitates their 
enrichment upon oncogenic insults, and their accentuated resistance 
to exhaustion renders them more responsive to immunostimulatory 
signals. The metabolic homeostasis of tumor-infiltrating cytotoxic 
γδ T cells seems to be less prone to abrupt alterations, which likely 
translates into more sustained and long-term surveillance, reducing 
the theoretical effector/target ratio needed for effective tumor clear-
ance. Importantly, they have been shown to significantly contribute 
to clearance of highly mutated tumors, which decouples their efficacy 
from the need for the presence of immunogenic tumor neoantigens 
found in αβ T cell tumor recognition52,64,108. All these are unique γδ 
features that seem very desirable for any cell therapy-based strategy.

The nature of γδ T cells, however, also poses challenges. They 
are largely outnumbered by αβ T cells in the body, which means 
subset-specific optimized ex vivo expansion protocols need to be tai-
lored, and their ability to naturally generate effective memory is still in 
debate. A deeper understanding of tumor-induced stress surveillance 
and unambiguously anti-tumoral phenotypes is needed. This entails 
not only the discovery of yet-unknown ligands and engaging mecha-
nisms but also additional studies in patients and relevant comparisons 
with healthy donors, owing to the suboptimal translatability of γδ 
research in non-human models. Dissecting the clinical importance of 
the γδ innate receptor repertoire could benefit not only cell therapies 
but also boost current antibody or small-molecule discovery processes 
by providing new and relevant targets. More high-dimensional studies 
that include relevant clinical information and refined γδ T cell anno-
tation will enrich our knowledge on how γδ T cells impact the TME96. 
More intelligent and integrative approaches, such as the thriving field 
of spatial transcriptomics, constitute invaluable tools to overcome 
these difficulties and improve our knowledge on γδ T cells and will 
likely translate into important advances toward the establishment and 
recognition of the γδ T cell therapy field.

http://www.nature.com/natcancer


Nature Cancer

Review article https://doi.org/10.1038/s43018-024-00798-x

References
1.	 Saito, H. et al. Complete primary structure of a heterodimeric 

T-cell receptor deduced from eDNA sequences. Nature 309, 
757–762 (1984).

2.	 Brenner, M. B. et al. Identification of a putative second T-cell 
receptor. Nature 322, 145–149 (1986).

3.	 Hayday, A. C. γδ cells: a right time and a right place for a 
conserved third way of protection. Annu. Rev. Immunol. 18, 
975–1026 (2000).

4.	 Girardi, M. et al. Regulation of cutaneous malignancy by γδ 
T cells. Science 294, 605–609 (2001).

5.	 Gao, Y. et al. γδ T cells provide an early source of interferon γ in 
tumor immunity. J. Exp. Med. 198, 433–442 (2003).

6.	 Liu, Z. et al. Protective immunosurveillance and therapeutic 
antitumor activity of γδ T cells demonstrated in a mouse model of 
prostate cancer. J. Immunol. 180, 6044–6053 (2008).

7.	 Gentles, A. J. et al. The prognostic landscape of genes and 
infiltrating immune cells across human cancers. Nat. Med. 21, 
938–945 (2015).

8.	 Hayday, A. C. γδ T cells and the lymphoid stress-surveillance 
response. Immunity 31, 184–196 (2009).

9.	 Vantourout, P. & Hayday, A. Six-of-the-best: unique contributions 
of γδ T cells to immunology. Nat. Rev. Immunol. 13, 88–100 (2013).

10.	 Bonneville, M., O’Brien, R. L. & Born, W. K. γδ T cell effector 
functions: a blend of innate programming and acquired plasticity. 
Nat. Rev. Immunol. 10, 467–478 (2010).

11.	 Silva-Santos, B., Mensurado, S. & Coffelt, S. B. γδ T cells: 
pleiotropic immune effectors with therapeutic potential in cancer. 
Nat. Rev. Cancer 19, 392–404 (2019).

12.	 Pellicci, D. G., Koay, H.-F. & Berzins, S. P. Thymic development of 
unconventional T cells: how NKT cells, MAIT cells and γδ T cells 
emerge. Nat. Rev. Immunol. 20, 756–770 (2020).

13.	 Hu, Y. et al. T cells: origin and fate, subsets, diseases and 
immunotherapy. Signal Transduct. Target. Ther. 8, 434 (2023).

14.	 Carding, S. R. & Egan, P. J. γδ T cells: functional plasticity and 
heterogeneity. Nat. Rev. Immunol. 2, 336–345 (2002).

15.	 Hunter, S. et al. Human liver infiltrating γδ T cells are composed  
of clonally expanded circulating and tissue-resident populations. 
J. Hepatol. 69, 654–665 (2018).

16.	 Davey, M. S. et al. Clonal selection in the human Vδ1 T cell 
repertoire indicates γδ TCR-dependent adaptive immune 
surveillance. Nat. Commun. 8, 14760 (2017).

17.	 Khairallah, C. et al. γδ T cells confer protection against murine 
cytomegalovirus (MCMV). PLoS Pathog. 11, e1004702 (2015).

18.	 Ravens, S. et al. Human γδ T cells are quickly reconstituted after 
stem-cell transplantation and show adaptive clonal expansion in 
response to viral infection. Nat. Immunol. 18, 393–401 (2017).

19.	 Khairallah, C., Déchanet-Merville, J. & Capone, M. γδ 
T cell-mediated immunity to cytomegalovirus infection.  
Front. Immunol. 8, 105 (2017).

20.	 Street, S. E. A. et al. Innate immune surveillance of spontaneous B 
cell lymphomas by natural killer cells and γδ T cells. J. Exp. Med. 
199, 879–884 (2004).

21.	 Wu, D., Wu, P., Qiu, F., Wei, Q. & Huang, J. Human γδT-cell subsets 
and their involvement in tumor immunity. Cell. Mol. Immunol. 14, 
245–253 (2017).

22.	 Willcox, C. R., Davey, M. S. & Willcox, B. E. Development and 
selection of the human Vγ9Vδ2+ T-cell repertoire. Front. Immunol. 
9, 1501 (2018).

23.	 Wrobel, P. et al. Lysis of a broad range of epithelial tumour cells 
by human γδ T cells: involvement of NKG2D ligands and T-cell 
receptor- versus NKG2D-dependent recognition. Scand. J. 
Immunol. 66, 320–328 (2007).

24.	 Rincon-Orozco, B. et al. Activation of Vγ9Vδ2 T cells by NKG2D.  
J. Immunol. 175, 2144–2151 (2005).

25.	 Tokuyama, H. et al. Vγ9Vδ2 T cell cytotoxicity against tumor 
cells is enhanced by monoclonal antibody drugs—rituximab and 
trastuzumab. Int. J. Cancer 122, 2526–2534 (2008).

26.	 Brandes, M., Willimann, K. & Moser, B. Professional antigen- 
presentation function by human γδ T cells. Science 309,  
264–268 (2005).

27.	 Brandes, M. et al. Cross-presenting human γδ T cells induce 
robust CD8+ αβ T cell responses. Proc. Natl Acad. Sci. USA 106, 
2307–2312 (2009).

28.	 Krangel, M. S., Yssel, H., Brocklehurst, C. & Spits, H. A distinct 
wave of human T cell receptor γ/δ lymphocytes in the early 
fetal thymus: evidence for controlled gene rearrangement and 
cytokine production. J. Exp. Med. 172, 847–859 (1990).

29.	 Di Lorenzo, B., Ravens, S. & Silva-Santos, B. High-throughput 
analysis of the human thymic Vδ1+ T cell receptor repertoire.  
Sci. Data 6, 115 (2019).

30.	 Sanz, M. et al. Deep characterization of human γδ T cell subsets 
defines shared and lineage-specific traits. Front. Immunol. 14, 
1148988 (2023).

31.	 Poggi, A. et al. Vδ1 T lymphocytes from B-CLL patients recognize 
ULBP3 expressed on leukemic B cells and up-regulated by 
trans-retinoic acid. Cancer Res. 64, 9172–9179 (2004).

32.	 Knight, A., Mackinnon, S. & Lowdell, M. W. Human Vδ1 γ-δ T cells 
exert potent specific cytotoxicity against primary multiple 
myeloma cells. Cytotherapy 14, 1110–1118 (2012).

33.	 Mikulak, J. et al. NKp46-expressing human gut-resident 
intraepithelial Vδ1 T cell subpopulation exhibits high antitumor 
activity against colorectal cancer. JCI Insight 4, e125884 (2019).

34.	 Correia, D. V. et al. Differentiation of human peripheral  
blood Vδ1+ T cells expressing the natural cytotoxicity receptor 
NKp30 for recognition of lymphoid leukemia cells. Blood 118, 
992–1001 (2011).

35.	 Pitard, V. et al. Long-term expansion of effector/memory Vδ2− γδ 
T cells is a specific blood signature of CMV infection. Blood 112, 
1317–1324 (2008).

36.	 Farnault, L. et al. Clinical evidence implicating γ-δ T cells in 
EBV control following cord blood transplantation. Bone Marrow 
Transplant. 48, 1478–1479 (2013).

37.	 Fujishima, N. et al. Skewed T cell receptor repertoire of Vδ1+ γδ 
T lymphocytes after human allogeneic haematopoietic stem 
cell transplantation and the potential role for Epstein–Barr 
virus-infected B cells in clonal restriction. Clin. Exp. Immunol. 149, 
70–79 (2007).

38.	 Kenna, T. et al. Distinct subpopulations of γδ T cells are present  
in normal and tumor-bearing human liver. Clin. Immunol. 113, 
56–63 (2004).

39.	 Mangan, B. A. et al. Cutting edge: CD1d restriction and TH1/TH2/
TH17 cytokine secretion by human Vδ3 T cells. J. Immunol. 191, 
30–34 (2013).

40.	 Dunne, M. R. et al. Persistent changes in circulating and 
intestinal γδ T cell subsets, invariant natural killer T cells and 
mucosal-associated invariant T cells in children and adults with 
coeliac disease. PLoS ONE 8, e76008 (2013).

41.	 Willcox, C. R. et al. Cytomegalovirus and tumor stress 
surveillance by binding of a human γδ T cell antigen receptor 
to endothelial protein C receptor. Nat. Immunol. 13, 872–879 
(2012).

42.	 Willcox, B. E. & Willcox, C. R. γδ TCR ligands: the quest to  
solve a 500-million-year-old mystery. Nat. Immunol. 20,  
121–128 (2019).

43.	 Jacques, J. & Bonneville, M. Stimulation of γδ T cells by 
phosphoantigens. Res. Immunol. 147, 338–347 (1996).

44.	 Dieli, F. et al. Characterization of lung γδ T cells following 
intranasal infection with Mycobacterium bovis bacillus Calmette–
Guérin. J. Immunol. 170, 463–469 (2003).

http://www.nature.com/natcancer


Nature Cancer

Review article https://doi.org/10.1038/s43018-024-00798-x

45.	 Lang, J. M. et al. Pilot trial of interleukin-2 and zoledronic  
acid to augment γδ T cells as treatment for patients with 
refractory renal cell carcinoma. Cancer Immunol. Immunother. 
60, 1447–1460 (2011).

46.	 Fisher, J. P. H. et al. Neuroblastoma killing properties of Vδ2 
and Vδ2-negative γδT cells following expansion by artificial 
antigen-presenting cells. Clin. Cancer Res. 20, 5720–5732 (2014).

47.	 Rigau, M. et al. Butyrophilin 2A1 is essential for phosphoantigen 
reactivity by γδ T cells. Science 367, eaay5516 (2020).

48.	 Karunakaran, M. M. et al. A distinct topology of BTN3A IgV and 
B30.2 domains controlled by juxtamembrane regions favors 
optimal human γδ T cell phosphoantigen sensing. Nat. Commun. 
14, 7617 (2023).

49.	 Mensurado, S., Blanco-Domínguez, R. & Silva-Santos, B. The 
emerging roles of γδ T cells in cancer immunotherapy. Nat. Rev. 
Clin. Oncol. 20, 178–191 (2023).

50.	 Kabelitz, D., Serrano, R., Kouakanou, L., Peters, C. & Kalyan, S. 
Cancer immunotherapy with γδ T cells: many paths ahead of us. 
Cell. Mol. Immunol. 17, 925–939 (2020).

51.	 Legut, M., Cole, D. K. & Sewell, A. K. The promise of γδ T cells 
and the γδ T cell receptor for cancer immunotherapy. Cell. Mol. 
Immunol. 12, 656–668 (2015).

52.	 De Vries, N. L. et al. γδ T cells are effectors of immunotherapy in 
cancers with HLA class I defects. Nature 613, 743–750 (2023).

53.	 Rancan, C. et al. Exhausted intratumoral Vδ2− γδ T cells in  
human kidney cancer retain effector function. Nat. Immunol. 24, 
612–624 (2023).

54.	 Wu, Y. et al. An innate-like Vδ1+ γδ T cell compartment in the 
human breast is associated with remission in triple-negative 
breast cancer. Sci. Transl. Med. 11, eaax9364 (2019).

55.	 Wu, Y. et al. A local human Vδ1 T cell population is associated  
with survival in nonsmall-cell lung cancer. Nat. Cancer 3,  
696–709 (2022).

56.	 Zakeri, N. et al. Characterisation and induction of tissue-resident 
γ δ T-cells to target hepatocellular carcinoma. Nat. Commun. 13, 
1372 (2022).

57.	 Paul, S. & Lal, G. Regulatory and effector functions of gamma- 
delta (γδ) T cells and their therapeutic potential in adoptive 
cellular therapy for cancer. Int. J. Cancer 139, 976–985 (2016).

58.	 Wu, P. et al. γδT17 cells promote the accumulation and expansion 
of myeloid-derived suppressor cells in human colorectal cancer. 
Immunity 40, 785–800 (2014).

59.	 Sacchi, A. et al. Myeloid-derived suppressor cells specifically 
suppress IFN-γ production and antitumor cytotoxic activity of Vδ2 
T cells. Front. Immunol. 9, 1271 (2018).

60.	 Peng, G. et al. Tumor-infiltrating γδ T cells suppress T and 
dendritic cell function via mechanisms controlled by a  
unique Toll-like receptor signaling pathway. Immunity 27, 
334–348 (2007).

61.	 Moser, B. & Brandes, M. γδ T cells: an alternative type of 
professional APC. Trends Immunol. 27, 112–118 (2006).

62.	 Rampoldi, F., Ullrich, L. & Prinz, I. Revisiting the interaction of γδ 
T-cells and B-cells. Cells 9, 743 (2020).

63.	 Mensurado, S. et al. Tumor-associated neutrophils suppress 
pro-tumoral IL-17+ γδ T cells through induction of oxidative stress. 
PLoS Biol. 16, e2004990 (2018).

64.	 Harmon, C. et al. γδ T cell dichotomy with opposing cytotoxic and 
wound healing functions in human solid tumors. Nat. Cancer 4, 
1122–1137 (2023).

65.	 Ye, J. et al. Tumor-derived γδ regulatory T cells suppress 
innate and adaptive immunity through the induction of 
immunosenescence. J. Immunol. 190, 2403–2414 (2013).

66.	 Ma, C. et al. Tumor-infiltrating γδ T lymphocytes predict  
clinical outcome in human breast cancer. J. Immunol. 189, 
5029–5036 (2012).

67.	 Daley, D. et al. γδ T cells support pancreatic oncogenesis by 
restraining αβ T cell activation. Cell 166, 1485–1499 (2016).

68.	 Hu, G. et al. Tumor-infiltrating CD39+ γδ Tregs are novel 
immunosuppressive T cells in human colorectal cancer. 
Oncoimmunology 6, e1277305 (2017).

69.	 Castella, B. et al. Anergic bone marrow Vγ9Vδ2 T cells as  
early and long-lasting markers of PD-1-targetable 
microenvironment-induced immune suppression in human 
myeloma. Oncoimmunology 4, e1047580 (2015).

70.	 Mao, Y. et al. A new effect of IL-4 on human γδ T cells: promoting 
regulatory Vδ1 T cells via IL-10 production and inhibiting function 
of Vδ2 T cells. Cell. Mol. Immunol. 13, 217–228 (2016).

71.	 Viey, E. et al. Phosphostim-activated γδ T cells kill  
autologous metastatic renal cell carcinoma. J. Immunol. 174, 
1338–1347 (2005).

72.	 Inman, B. A. et al. Questionable relevance of γδ T lymphocytes in 
renal cell carcinoma. J. Immunol. 180, 3578–3584 (2008).

73.	 Roy, S. et al. Molecular analysis of lipid-reactive Vδ1 γδ T cells 
identified by CD1c tetramers. J. Immunol. 196, 1933–1942 (2016).

74.	 Luoma, A. M. et al. Crystal structure of Vδ1 T cell receptor in 
complex with CD1d-sulfatide shows MHC-like recognition of a 
self-lipid by human γδ T cells. Immunity 39, 1032–1042 (2013).

75.	 Barbee, S. D. et al. Skint-1 is a highly specific, unique selecting 
component for epidermal T cells. Proc. Natl Acad. Sci. USA 108, 
3330–3335 (2011).

76.	 Harly, C. et al. Key implication of CD277/butyrophilin-3 (BTN3A) in 
cellular stress sensing by a major human γδ T-cell subset. Blood 
120, 2269–2279 (2012).

77.	 Marlin, R. et al. Sensing of cell stress by human γδ TCR-dependent 
recognition of annexin A2. Proc. Natl Acad. Sci. USA 114,  
3163–3168 (2017).

78.	 Groh, V., Steinle, A., Bauer, S. & Spies, T. Recognition of 
stress-induced MHC molecules by intestinal epithelial γδ T cells. 
Science 279, 1737–1740 (1998).

79.	 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 γδ T cells. J. Immunol. 169, 
1236–1240 (2002).

80.	 Dai, Y., Chen, H., Mo, C., Cui, L. & He, W. Ectopically expressed 
human tumor biomarker MutS homologue 2 is a novel 
endogenous ligand that is recognized by human γδ T cells to 
induce innate anti-tumor/virus immunity. J. Biol. Chem. 287, 
16812–16819 (2012).

81.	 Le Nours, J. et al. A class of γδ T cell receptors recognize the 
underside of the antigen-presenting molecule MR1. Science 366, 
1522–1527 (2019).

82.	 Rice, M. T. et al. Recognition of the antigen-presenting molecule 
MR1 by a Vδ3+ γδ T cell receptor. Proc. Natl Acad. Sci. USA 118, 
e2110288118 (2021).

83.	 Silva‐Santos, B., Schamel, W. W. A., Fisch, P. & Eberl, M. γδ T‐cell 
conference 2012: close encounters for the fifth time. Eur. J. 
Immunol. 42, 3101–3105 (2012).

84.	 Kong, Y. et al. The NKG2D ligand ULBP4 binds to TCRγ9/δ2 and 
induces cytotoxicity to tumor cells through both TCRγδ and 
NKG2D. Blood 114, 310–317 (2009).

85.	 Scotet, E. et al. Tumor recognition following Vγ9Vδ2 T cell 
receptor interactions with a surface F1-ATPase-related structure 
and apolipoprotein A-I. Immunity 22, 71–80 (2005).

86.	 Bauer, S. et al. Activation of NK cells and T cells by NKG2D, a 
receptor for stress-inducible MICA. Science 285, 727–729 (1999).

87.	 McGraw, J. M. & Witherden, D. A. γδ T cell costimulatory ligands in 
antitumor immunity. Explor. Immunol. 2, 79–97 (2022).

88.	 Toutirais, O. et al. DNAX accessory molecule‐1 (CD226) promotes 
human hepatocellular carcinoma cell lysis by Vγ9Vδ2 T cells.  
Eur. J. Immunol. 39, 1361–1368 (2009).

http://www.nature.com/natcancer


Nature Cancer

Review article https://doi.org/10.1038/s43018-024-00798-x

89.	 Herold, N. et al. Integrin activation enables rapid detection  
of functional Vδ1+ and Vδ2+ γδ T cells. Eur. J. Immunol. 52, 
730–736 (2022).

90.	 Gober, H.-J. et al. Human T cell receptor γδ cells recognize 
endogenous mevalonate metabolites in tumor cells. J. Exp. Med. 
197, 163–168 (2003).

91.	 Morita, C. T., Jin, C., Sarikonda, G. & Wang, H. Nonpeptide 
antigens, presentation mechanisms, and immunological memory 
of human Vγ2Vδ2 T cells: discriminating friend from foe through 
the recognition of prenyl pyrophosphate antigens. Immunol. Rev. 
215, 59–76 (2007).

92.	 Chen, H. et al. Identification of human T cell receptor 
γδ-recognized epitopes/proteins via CDR3δ peptide- 
based immunobiochemical strategy. J. Biol. Chem. 283,  
12528–12537 (2008).

93.	 Kunzmann, V. et al. Stimulation of γδ T cells by 
aminobisphosphonates and induction of antiplasma cell activity 
in multiple myeloma. Blood 96, 384–392 (2000).

94.	 Payne, K. K. et al. BTN3A1 governs antitumor responses by 
coordinating αβ and γδ T cells. Science 369, 942–949 (2020).

95.	 Mamedov, M. R. et al. CRISPR screens decode cancer  
cell pathways that trigger γδ T cell detection. Nature 621,  
188–195 (2023).

96.	 Song, Z. et al. Human γδ T cell identification from single-cell RNA 
sequencing datasets by modular TCR expression. J. Leukoc. Biol. 
114, 630–638 (2023).

97.	 Wherry, E. J. T cell exhaustion. Nat. Immunol. 12, 492–499 (2011).
98.	 Wherry, E. J. & Kurachi, M. Molecular and cellular insights into 

T cell exhaustion. Nat. Rev. Immunol. 15, 486–499 (2015).
99.	 Beltra, J.-C. et al. Developmental relationships of four exhausted 

CD8+ T cell subsets reveals underlying transcriptional and 
epigenetic landscape control mechanisms. Immunity 52,  
825–841 (2020).

100.	Li, Y.-L. et al. Single-cell analysis reveals immune modulation 
and metabolic switch in tumor-draining lymph nodes. 
Oncoimmunology 9, 1830513 (2020).

101.	 Peters, C., Oberg, H.-H., Kabelitz, D. & Wesch, D. Phenotype  
and regulation of immunosuppressive Vδ2-expressing γδ T cells. 
Cell. Mol. Life Sci. 71, 1943–1960 (2014).

102.	Dondero, A. et al. PD-L1 expression in metastatic neuroblastoma 
as an additional mechanism for limiting immune surveillance. 
Oncoimmunology 5, e1064578 (2016).

103.	Hoeres, T., Holzmann, E., Smetak, M., Birkmann, J. & Wilhelm, M. 
PD-1 signaling modulates interferon-γ production by gamma  
delta (γδ) T-cells in response to leukemia. Oncoimmunology 8, 
1550618 (2019).

104.	Wu, K. et al. Vδ2 T cell subsets, defined by PD-1 and TIM-3 
expression, present varied cytokine responses in acute myeloid 
leukemia patients. Int. Immunopharmacol. 80, 106122 (2020).

105.	Weimer, P. et al. Tissue-specific expression of TIGIT, PD-1, TIM-3, 
and CD39 by γδ T cells in ovarian cancer. Cells 11, 964 (2022).

106.	Wistuba-Hamprecht, K. et al. Proportions of blood-borne Vδ1+  
and Vδ2+ T-cells are associated with overall survival of  
melanoma patients treated with ipilimumab. Eur. J. Cancer 64, 
116–126 (2016).

107.	 Foord, E., Arruda, L. C. M., Gaballa, A., Klynning, C. & Uhlin, M. 
Characterization of ascites- and tumor-infiltrating γδ T cells 
reveals distinct repertoires and a beneficial role in ovarian cancer. 
Sci. Transl. Med. 13, eabb0192 (2021).

108.	Davies, D. et al. PD-1 defines a distinct, functional, tissue-adapted 
state in Vδ1+ T cells with implications for cancer immunotherapy. 
Nat. Cancer 5, 420–432 (2024).

109.	Lien, S. C. et al. Tumor reactive γδ T cells contribute to a complete 
response to PD-1 blockade in a Merkel cell carcinoma patient.  
Nat. Commun. 15, 1094 (2024).

110.	 Hoeres, T., Smetak, M., Pretscher, D. & Wilhelm, M. Improving  
the efficiency of Vγ9Vδ2 T-cell immunotherapy in cancer.  
Front. Immunol. 9, 800 (2018).

111.	 Kobayashi, H. et al. Safety profile and anti-tumor effects of 
adoptive immunotherapy using γ-δ T cells against advanced renal 
cell carcinoma: a pilot study. Cancer Immunol. Immunother. 56, 
469–476 (2007).

112.	 Kobayashi, H., Tanaka, Y., Yagi, J., Minato, N. & Tanabe, K. Phase I/II  
study of adoptive transfer of γδ T cells in combination with 
zoledronic acid and IL-2 to patients with advanced renal cell 
carcinoma. Cancer Immunol. Immunother. 60, 1075–1084 (2011).

113.	 Bennouna, J. et al. Phase-I study of Innacell γδ™, an autologous 
cell-therapy product highly enriched in γ9δ2 T lymphocytes, 
in combination with IL-2, in patients with metastatic renal cell 
carcinoma. Cancer Immunol. Immunother. 57, 1599–1609 (2008).

114.	 Nakajima, J. et al. A phase I study of adoptive immunotherapy for 
recurrent non-small-cell lung cancer patients with autologous γδ 
T cells. Eur. J. Cardiothorac. Surg. 37, 1191–1197 (2010).

115.	 Meraviglia, S. et al. In vivo manipulation of Vγ9Vδ2 T cells with 
zoledronate and low-dose interleukin-2 for immunotherapy 
of advanced breast cancer patients. Clin. Exp. Immunol. 161, 
290–297 (2010).

116.	 Nicol, A. J. et al. Clinical evaluation of autologous γ δ T cell-based 
immunotherapy for metastatic solid tumours. Br. J. Cancer 105, 
778–786 (2011).

117.	 Kakimi, K. et al. Adoptive transfer of zoledronate-expanded 
autologous Vγ9Vδ2 T-cells in patients with treatment-refractory 
non-small-cell lung cancer: a multicenter, open-label, single-arm, 
phase 2 study. J. Immunother. Cancer 8, e001185 (2020).

118.	 Aoki, T. et al. Adjuvant combination therapy with gemcitabine and 
autologous γδ T-cell transfer in patients with curatively resected 
pancreatic cancer. Cytotherapy 19, 473–485 (2017).

119.	 Lobbous, M. et al. INB-200 phase I study of gene modified 
autologous gamma-delta (γδ) T cells in patients with newly 
diagnosed glioblastoma multiforme (GBM) receiving 
maintenance temozolomide (TMZ). J. Clin. Oncol. 41, 2007 (2023).

120.	Sebestyen, Z., Prinz, I., Déchanet-Merville, J., Silva-Santos, B. & 
Kuball, J. Translating gammadelta (γδ) T cells and their  
receptors into cancer cell therapies. Nat. Rev. Drug Discov. 19, 
169–184 (2020).

121.	 Vydra, J. et al. A phase I trial of allogeneic γδ T lymphocytes from 
haploidentical donors in patients with refractory or relapsed 
acute myeloid leukemia. Clin. Lymphoma Myeloma Leuk. 23, 
e232–e239 (2023).

122.	 Lamb, L., Rochlin, K. & Goshwani, T. Harnessing the Power of  
γ-δ T Cells investors.in8bio.com/static-files/f27cfe0f-d60a-
4f95-afac-1741694b0d28 (2023).

123.	 McGuirk, J. P. et al. Inb-100: a pilot study of donor derived, 
ex-vivo expanded/activated γ-δ T cell (EAGD) infusion following 
haploidentical hematopoietic stem cell transplantation and 
post-transplant cyclophosphamide (PTCy). Blood 142, 4853 (2023).

124.	Nishimoto, K. P. et al. Allogeneic CD20‐targeted γδ T cells exhibit 
innate and adaptive antitumor activities in preclinical B‐cell 
lymphoma models. Clin. Transl. Immunol. 11, e1373 (2022).

125.	Neelapu, S. S. et al. A phase 1 study of ADI-001: anti-CD20 
CAR-engineered allogeneic gamma delta1 (γδ) T cells in adults 
with B-cell malignancies. Blood 140, 4617–4619 (2022).

126.	Bai, Lu. et al. Effects of IL-2 and IL-15 on the proliferative and 
antitumor capacities of allogeneic anti-CD20 CAR-engineered 
γδ T cells in a 3D B cell lymphoma spheroid assay. J. Immunother. 
Cancer 8, A1–A559 (2020).

127.	 Sasse, S. et al. AFM13 in patients with relapsed or refractory 
classical Hodgkin lymphoma: final results of an open-label, 
randomized, multicenter phase II trial. Leuk. Lymphoma 63, 
1871–1878 (2022).

http://www.nature.com/natcancer
https://investors.in8bio.com/static-files/f27cfe0f-d60a-4f95-afac-1741694b0d28
https://investors.in8bio.com/static-files/f27cfe0f-d60a-4f95-afac-1741694b0d28


Nature Cancer

Review article https://doi.org/10.1038/s43018-024-00798-x

128.	De Gassart, A. et al. Development of ICT01, a first-in- 
class, anti-BTN3A antibody for activating Vγ9Vδ2 T cell- 
mediated antitumor immune response. Sci. Transl. Med. 13, 
eabj0835 (2021).

129.	Bono, J. D. et al. ICT01 plus low dose SC IL-2 produces a robust 
anti-tumor immune activation in advanced cancer patients 
(EVICTION-2 Study). J. Immunother. Cancer 11, A715 (2023).

130.	Makkouk, A. et al. Off-the-shelf Vδ1 γ δ T cells engineered  
with glypican-3 (GPC-3)-specific chimeric antigen receptor  
(CAR) and soluble IL-15 display robust antitumor efficacy  
against hepatocellular carcinoma. J. Immunother. Cancer 9, 
e003441 (2021).

131.	 Majzner, R. G. & Mackall, C. L. Tumor antigen escape from  
CAR T-cell therapy. Cancer Discov. 8, 1219–1226 (2018).

Acknowledgements
L.F. is supported by NCI R35CA253175, Peter Michael Foundation, and 
the Prostate Cancer Foundation.

Competing interests
L.F. reports research support to the institution from AbbVie, Bavarian 
Nordic, Bristol Myers Squibb, Dendreon, Janssen, Merck and Roche–
Genentech and ownership interests in Actym, Atreca, BioAtla, Bolt, 

ImmunoGenesis, Nutcracker, RAPT, Scribe and Senti, unrelated to the 
work here. The other authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to 
Lawrence Fong.

Peer review information Nature Cancer thanks the anonymous 
reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with 
the author(s) or other rightsholder(s); author self-archiving of the 
accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© Springer Nature America, Inc 2024

http://www.nature.com/natcancer
http://www.nature.com/reprints

	γδ T cells as critical anti-tumor immune effectors

	γδ T cell biology

	γδ T cells in cancer immunity

	Protumoral and anti-tumoral roles for infiltrating γδ T cells

	γδ ligands in cancer

	γδ T cell exhaustion in tumors

	Adoptive γδ T cell therapies

	Genetically modified γδ T cells

	Allogeneic γδ T cell therapies

	Chimeric antigen receptor-modified γδ T cells

	Bispecific antibodies

	Activation of endogenous γδ T cells


	Translational challenges

	Expansion and manufacturing

	Persistence

	Protection from immunoregulatory mechanisms


	Conclusions

	Acknowledgements

	Fig. 1 Protumoral and anti-tumoral roles of γδ T cells.
	Fig. 2 Pathways regulating γδ T cell ligand expression.
	Fig. 3 Immune checkpoint expression related to the function of tumor-infiltrating γδ T cells.
	Fig. 4 Approaches to current challenges and desired outcomes.
	Table 1 γδ T cell products under development.




