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Owing to their antitumor and major histocompatibility complex (MHC)-independent capacities, γδ T cells have gained popularity in adoptive T-cell immunotherapy in recent years. However, many unknowns still exist regarding γδ T cells, and few clinical data have been collected. Therefore, this review aims to describe all the main features of the applications of γδ T cells and provide a systematic view of current γδ T-cell immunotherapy. Specifically, this review will focus on how γδ T cells performed in treating cancers in clinics, on the γδ T-cell clinical trials that have been conducted to date, and the role of γδ T cells in the pharmaceutical industry.
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1 Introduction

There are two types of T cells: αβ T cells and γδ T cells. The former expresses a T-cell receptor (TCR) comprising a heterodimer of α and β chains. The latter expresses a TCR comprising a heterodimer of γ and δ chains, which normally do not express the co-receptors CD4 and CD8, and account for, on average, 4% of human peripheral blood T cells (1). γδ T cells as a whole link the innate and adaptive immune responses. However, when referring to γδ T cells, it should be noted that they are not a homogeneous population, but rather a heterogeneous group of cells with diverse properties (Table 1) (2). Based on the TCR δ chain variable gene expression, human γδ T cells are normally divided into Vδ2 T cells and non-Vδ2 T cells, with Vδ1- and Vδ3-expressing γδ T cells accounting for the majority of non-Vδ2 T cells (2, 3). The distribution and frequency of γδ T cell subset differ dramatically in tissues and blood (2). Recently, non-Vγ9Vδ2 T cells have been considered a more appropriate division of γδ T cells and are the dominant γδ T cells in organs and lymphoid tissues, such as the skin, intestine, lungs, liver, lymph nodes, thymus, etc., representing the adaptive-like γδ T cells (2, 4). In human blood, the majority (i.e., approximately 50%–95%) of γδ T cells express a Vδ2 chain paired with a Vγ9 chain (5). This subset (i.e., Vγ9Vδ2 T cells) specifically and universally (via semi-invariant polyclonal expansion) recognizes phosphoantigens (PAgs) derived from microbes or transformed cells (6, 7) through butyrophilin (BTN) family members BTN2A1 and BTN3A1 (8–10), representing innate-like γδ T cells.


Table 1 | Main features of human γδ T cells.



αβ T cells recognize peptides, lipids, and metabolites presented by the major histocompatibility complex (MHC), CD1, and MHC class I-related protein (MR1), respectively. In contrast, the antigens and ligands recognized by γδ T cells remain largely unknown. Those that have been identified are difficult to classify into clear-cut categories (11–13). Human γδ T cells are MHC independent and have been found to recognize a wide range of ligand molecules, such as BTN family proteins (BTN2A1/BTN3A1 and BTNL3/BTNL8), MHC-related proteins [CD1a, CD1c, CD1d, MHC class I polypeptide-related sequence A (MICA), UL16-binding protein (ULBP4), endothelial protein C receptor (EPCR), HLA-B*5802, and β2-microglobulin-free HLA heavy chain], ephrin type-A receptor 2 (EphA2), and those lacking typical membrane structural proteins [MutS homolog 2 (MSH2), heat shock protein 60 (hsp60), histidyl-tRNA synthetases, phycoerythrin (PE), and mitochondrial F1-ATPase] (12–20). γδ T cells recognize these molecules through their TCRs and also express innate receptors, such as natural killer (NK) receptors (e.g., NKG2D), Toll-like receptors (TLRs), and Fc receptors (e.g., CD16), which recognize ligands such as MICA, MHC class I chain-related (MIC) protein A (MICA), MICB, and UL16-binding protein (ULBP) (21–23).

γδ T cells play a role in fighting infectious and tumorous diseases, as well as a role in homeostasis, wound healing, and aging (4, 19, 24, 25). In mouse studies, γδ T cells also regulate body temperature and shape neurons (2, 26). The immune response of γδ T cells is intrinsically biased toward type I immunity, which exerts strong cytotoxic (mainly through granzyme B and perforin) effects on infected and tumor cells, and results in increased IFNγ production (27). However, the differences in TCR genes between humans and mice (2, 28), especially the absence of Vγ9Vδ2 T cells in common non-primate experimental animals (29, 30), limits the relevance of preclinical in vivo studies using mouse models for human Vγ9Vδ2 T cells. Therefore, this review will focus solely on human γδ T cells.




2 γδ T cells in cancer



2.1 Correlation with clinical prognosis

The relationship between γδ T cells and cancer prognosis is influenced by factors such as the pathological type of cancer (31), the γδ T-cell subset (32), the time of sample harvesting (33), and the functioning state of the γδ T cells (34). Clinical prognosis studies typically involve the analysis of either peripheral γδ T cells or tumor-infiltrating γδ T cells, and common methods include flow cytometry (35), immunohistochemistry (31, 36), and gene expression measurement (34, 37). Early studies often measured peripheral γδ T cells without distinguishing subsets (38), whereas later studies began to analyze subsets separately (35).

Overall, γδ T cells are positively correlated with favorable prognosis in cancerous diseases (39). The earliest observations that suggested that γδ T cells play a positive role in cancer prognosis came from a follow-up study of allogeneic stem cell transplantation for treating acute leukemia in the 1990s (40). Long-term follow-up found 5-year disease-free survival (DFS) and overall survival (OS) rates of 54.4% and 70.8%, respectively, among patients with increased levels of peripheral γδ T cells, compared with 19.1% and 19.6%, respectively, among those without increased γδ T cells, with no difference in graft-versus-host disease rate (38). Later studies of acute leukemia in children also supported this finding (41). Children with a higher percentage of CD8+ γδ T cells, even when sampled before treatment, had a better prognosis (33). Further studies indicate that the Vδ8, Vδ4, and Vγ9 subsets are positively correlated with good prognosis in acute leukemia before treatment (42, 43). However, studies carried out in patients with chronic lymphocytic leukemia found that peripheral Vγ9Vδ2 T-cell numbers before treatment were negatively correlated with disease progression and that those γδ T cells were dysfunctional towards zoledronate stimulation (44). This was also true in patients with chronic myeloid leukemia (45).

In the case of solid tumors, peripheral Vγ9Vδ2 T cells have been found to be positively correlated with OS or progression-free survival (PFS) in patients with renal cell carcinoma (46), melanoma (32, 47), and bladder cancer (37), as determined by flow cytometry. However, the presence of the Vδ1 subset in blood was not found to be favorable in melanoma and bladder cancer. As most studies on solid tumors have focused on tumor-infiltrating cells, the majority of correlations between prognosis and γδ T cells have been found in tumor-infiltrating cells. Effector Vδ1 γδ T cells have been found to be beneficial in skin cancers (32, 48), colon cancer (34), and lung cancer (35), based on protein-level analysis. Similarly, using the more commonly used gene expression analysis, tumor-infiltrating γδ T cells were found to be favorable in ovarian cancer (49), head and neck cancer (50), and bladder cancer (37).

However, the roles of γδ T cells have been found to vary in different pathological types of breast cancer and in different studies. In immunohistochemical studies, Ma et al. found that γδ T cells were negative indicators in non-triple-negative breast cancers (36), whereas Allaoui et al. found the opposite correlation for non-triple-negative cancers, and also found no clear correlations between γδ T-cell infiltration and triple-negative breast cancer (31). It is worth noting that, according to the limited description of their method, Allaoui et al. were comparing the presence and absence of γδ T-cell infiltration, whereas Ma et al. were comparing infiltration with lower and higher numbers of γδ T-cells, which may account for the difference in the findings of the two studies. In other studies, γδ T cells, especially the Vδ1 subset (51), have been more frequently found to predict good outcomes in triple-negative breast cancer that supported by protein-level or gene-level analyses (51, 52). Gene expression analysis, using public databases, indicated that γδ T cells were positively correlated with good outcomes for all types of breast cancer (53, 54). Interestingly, one study found that certain peripheral TCR-γ motifs were positively correlated with OS in breast cancer (55).

In pancreatic cancer, high CD31 levels and low CD73 levels in cancer cells have been found to be associated with increased OS and an increased number of antitumor immune cells, including γδ T cells (56, 57).




2.2 Anti-tumor and pro-tumor effects

The immune responses of γδ T cells toward tumor cells have been well summarized in other reviews (5, 27, 58–61). Generally, human γδ T cells are activated when tumor cells bind to their TCRs and/or innate receptors, such as NK cell receptors, in tumor conditions. They exhibit direct cytotoxicity against different types of cancer cells, modulate antitumor cytokines, and interact with other immune cells to eliminate tumors (27), which is in accordance with the favorable prognosis linked to γδ T cells clinically observed in malignant diseases, as reviewed above. Fighting against tumor growth is among the primary roles of human γδ T cells, whether they are peripheral or tissue-resident. However, clinical investigations have also indicated the importance of the functional state of γδ T cells in cancers (32, 35, 44). In tumor environments, γδ T cells can exhibit protumor effects by producing IL-17, recruiting protumor myeloid immune cells, or suppressing αβ T-cell antitumor activities (62–64). The tumor environment tends to educate γδ T cells to serve it and selects the protumor subsets (65). These “conditioned” protumor findings may contribute to the unfavorable prognosis linked to γδ T cells observed in clinics.





3 γδ T-cell immunotherapy in cancer

The historical development of adoptive T-cell therapy was discovered through hematopoietic stem cell transplantation (HSCT) and the graft-versus-leukemia effect. This effect showed that patients with graft-versus-host disease had a lower relapse rate and that the depletion of T cells led to a higher relapse rate (66). In the case of γδ T cells, their antitumor properties were observed in the late 1980s in vitro (67), but it was not until the early 2000s that Hayday’s group established their antitumor role in mice (27). Soon after that, γδ T cells began to be tested for treating malignant diseases in humans (68).

Knowing the biological features of immune cells is crucial for using them to help fight diseases. As mentioned above, Vγ9Vδ2 T cells are the dominant and most studied subset in human peripheral blood. Their semi-invariant TCRs recognize small non-peptide pyrophosphate antigens through conformational changes after BTN2A1 and BTN3A1 heterodimers bind PAgs intracellularly (8, 9). Typical natural PAgs include isopentenyl pyrophosphate (IPP) and (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP), with the latter being the most potent natural PAg currently known (69). PAgs are crucial metabolites that come from the universally present isoprenoid biosynthesis pathway. IPP exists in all organisms, whereas HMBPP is absent in mammals (69). Studies have shown that the level of IPP is increased in abnormal human cells (7). Other than this direct activating mode, aminobisphosphonates (N-BPs) and certain alkylamines can indirectly activate Vγ9Vδ2 T cells through TCRs. They inhibit the downstream enzyme farnesyl pyrophosphate synthase (FPS, or FPPS), which plays a role in IPP synthesis and leads to endogenous IPP accumulation (2, 70). Once activated, the innate-like Vγ9Vδ2 T cells intrinsically differentiate into cytotoxic and antitumor cytokine-producing effector cells. Compared with other γδ T-cell subsets, Vγ9Vδ2 T cells are relatively harvest and to expand in vitro. As more is known about non-Vγ9Vδ2 T cells, and the in vitro culturing of Vδ1 γδ T cells on a comparable scale has become possible, Vδ1 γδ T cells have started to attract attention and be introduced to γδ T cell immunotherapy (71).

In this section, we will review the strategies used for applying γδ T cells in patients, the results of completed trials of γδ T-cell therapies, and the results to date of ongoing clinical trials of γδ T-cell therapies.



3.1 Current strategies in practice

Cancer immunotherapy is about how to safely unleash the anticancer power of immune cells. The first and most important step is to efficiently activate immune cells. Until now, most efforts to apply γδ T cells in clinics have focused on boosting the Vγ9Vδ2 subset because its stimulant effect on the immune system is relatively clear. As mentioned earlier, Vγ9Vδ2 T cells can be directly or indirectly activated by PAgs or N-BPs. N-BPs are conveniently well-established drugs in clinics that are used to treat bone diseases such as osteoporosis, metastatic bone disease, multiple myeloma, and hypercalcemia of malignancy (72). N-BP drugs, such as pamidronate and zoledronate, are usually given intravenously, and, therefore, might readily activate the peripherally dominant Vγ9Vδ2 T cells in vivo. Early γδ T-cell trials followed this approach (Figure 1A) (68, 73). However, the response rate of patients’ Vγ9Vδ2 T cells toward N-BP drugs was not satisfactory and repeated administrations led to a reduction in peripheral Vγ9Vδ2 T cells. All of these shortcomings would greatly hamper the treatment (68, 74).




Figure 1 | Overview of cohorts from completed γδ T-cell immunotherapy trials. (A) Timeline of completed γδ T-cell immunotherapy trials in clinics by cohort; colors indicate treatment type (n = 37). (B) Detailed treatment methods applied in the cohorts treated with adoptive cell transfer (ACT) combined with other treatments except for IL-2 treatment (ACT+) (n = 13). Chemo: conventional therapies, mostly chemotherapy. In vivo: in vivo stimulation of Vγ9Vδ2 T cells using zoledronate. IRE: irreversible electroporation. ACTeg: engineered T cells. LD chemo: lymphodepletion chemotherapy. (C) Tumor types (pie chart) and detailed diseases (bar chart) of γδ T-cell immunotherapy cohorts (n = 37); colors indicate treated tumor types. (D) Average, maximum, and minimum γδ T-cell total infusion doses of cohorts with dosage information (ACT, n = 12, ACT+, n = 4). The lower and upper hinges of the boxplot show the 25th and 75th percentile, respectively. The medians are indicated inside the box, and p-values (Wilcoxon rank-sum test) are also indicated.



Activating Vγ9Vδ2 T cells in vitro followed by adoptive transfer to patients would largely avoid these problems. Indeed, shortly after the in vivo attempt, researchers started to activate (by either direct stimulants, such as IPP and synthetic PAgs, or indirect stimulants such as zoledronate) the patient’s own Vγ9Vδ2 T cells in vitro and then reinfuse the patient with them (75–77). This approach follows the common practice in adoptive T-cell immunotherapy, which uses autologous cells. However, it also shares flaws with current adoptive T-cell immunotherapy, such as the fact that the immune environment in patients often works against antitumor effects and large differences between patients in γδ T-cell numbers and in their capacity to increase the number of γδ T-cells (32, 47, 78, 79). The unique features of γδ T cells also provide a solution to these problems. By taking advantage of their MHC-independent nature (e.g. they can be used in situations where MHC matching between the donor and recipient is not possible; the innate-like recognition of stress-induced antigens (7) provides a fast reaction; and the more limited repertoire of γδ TCRs (80) means that they are less likely to recognize and attack host tissues), the allogeneic adoptive transfer becomes possible. Early HSCT therapies found that using αβ T-cell depleted method to treat patients caused fewer cases of graft-versus-host disease and, importantly, those who developed graft-versus-host disease but had high levels of γδ T cells were less likely to experience relapse (38, 81). These results are encouraging, supporting the use of the allogeneic adoptive transfer of γδ T cells in cancer immunotherapy.

Repeated infusion of allogeneic Vγ9Vδ2 T cells is safe and has shown promising effects in treating liver and lung cancers (82). In recent years, the use of a humanized anti-BTN3A monoclonal antibody (ICT01) to activate Vγ9Vδ2 T cells has been explored as a potential treatment for multiple cancers (83). Preliminary results showed that the treatment was well tolerated, and disease control rates of 22%–42% were achieved in the completed phase I trial (Imchecktherapeutics.com: Imcheck Therapeutics). In addition to the previously mentioned strategies aimed at utilizing the inherent anticancer capabilities of Vγ9Vδ2 T cells, there have been recent human trials investigating γδ T-cell-related T-cell modifications. These modification techniques include the addition of a chimeric antigen receptor (CAR) to γδ T cells to create CAR-γδ T cells; the transfer of antitumor γδ TCR to αβ T cells (TEG001, GDT002, GDT201); the fusion of an antibody anti-CD19 Fab region and the transmembrane andendo domains of a γδ TCR, as well as a separate CD19 single-chain variable fragment (scFv) and a 4-1BB costimulatory molecule, to create a novel T cell (ET019003) to treat B-cell lymphoma (84).

As for the new subject of research, Vδ1 γδ T cells, there are currently two phase I clinical trials in progress. Both trials are using allogeneic Vδ1 T cells. The first trial (NCT05001451) is using non-modified Vδ1 T cells (GDX012) to treat acute myeloid leukemia, while the other trial (NCT04735471) is using anti-CD20 CAR-modified Vδ1 T cells (ADI-001) to treat B-cell malignancies.




3.2 Current γδ T-cell immunotherapy clinical results

A PubMed® (National Library of Medicine, Bethesda, MD, USA)  search found that, as of October 2022, there were at least 28 studies (37 cohorts) of γδ T-cell immunotherapy in progress in clinics, all of which were using Vγ9Vδ2 T cells. These studies included a total of 559 patients, 396 of whom tumor responses were measurable. As reviewed above, there are different strategies for applying γδ T-cell treatment; thus, in this systematic analysis, in vivo stimulation, adoptive cell transfer (ACT, including autologous and allogeneic), and ACT combined with other treatments, except for IL-2 treatment (ACT+), are compared. There were 14 cohorts receiving in vivo stimulation and 23 cohorts receiving reinfusion (Figure 1A). Early studies were normally of a single treatment, either in vivo stimulation or γδ T-cell infusion, with or without IL-2 treatment and vitamin D supply (68, 73, 75–77, 85–87), while later studies started to combine γδ T-cell therapy with other traditional treatments, typically chemotherapy (Figures 1A, B). A combination of ACT and in vivo stimulation produced the first reported complete response in a metastatic renal cell carcinoma cohort of patients (Table 2) (88).


Table 2 | Current γδ T cell therapy clinical results.



Overall, 81% of the cohorts received γδ T-cell therapy for the treatment of solid cancers (Figure 1C). Patients in these cohorts had a wide range of solid malignancies, with lung cancer and renal cell carcinoma being the most tested tumors (Figure 1C, right). Excluding one study in which the patients’ median age was unclear (93), the median age ranged from 13.5 years in those receiving neuroblastoma treatment to 68 years for those receiving treatment for prostate cancer (Table 2). The highest median age, 72 years, was in a cohort with hematological cancer receiving treatment for acute myeloid leukemia (92). In addition, in the case of adoptive transfer treatment, information on the total infusion dose was available for 16 cohorts. The medians of the average total doses for ACT and ACT+ treatment were 9.1 × 109 cells and 1.6 × 109 cells, respectively. There were no differences between ACT and ACT+ in terms of total doses (Figure 1D, Wilcoxon rank-sum test). γδ T-cell therapy was normally applied through multiple infusions, and the range of total infusion dose varied quite widely among patients (from 0.01 × 109 cells to 88.8 × 109 cells).

Of the 307 patients (from 27 cohorts) whose tumor responses could be measured (not including the 89 patients whose outcomes were recorded only in terms of OS and PFS), the overall results, regardless of strategy, were an objective response (OR) rate of 18%  [including complete response (CR) and partial response (PR), with a pooled OR rate of 9.7%, 95% confidence interval (CI) 2.7%–19.3%; Figure 2] and a stable disease (SD) rate of 31% (pooled SD rate of 27.6%, 95% CI 20.3%–35.5%; Supplemental Figure 1), based on criteria from RECIST (Response Evaluation Criteria in Solid Tumors) or RECIST v.1.1 (Figures 2, 3A).




Figure 2 | Forest plot of objective response (OR) rate (n = 27). The OR indicates the number of patients in each cohort who achieved an objective response. The total indicates the total number of measurable patients in each cohort. The OR rate, 95% confidence interval (CI), and weights of fixed- and random-effects models are indicated for each cohort. Blue squares show the mean OR rate of each cohort, and the size indicates the weight of the cohort; gray lines show the 95% CI, and the diamond shapes show the pooled weighted means of the OR rate using fixed- and random-effects models.






Figure 3 | Overview of patients treated with γδ T-cell immunotherapy (n = 307). (A) Proportions of treatment outcomes in total measurable patients and different treatment types [in vivo stimulation, n = 164; adoptive cell transfer (ACT), n = 88; ACT combined with other treatments except for IL-2 treatment (ACT+), n = 55]. Pie charts show the proportions of complete response (CR) and partial response (PR) within objective response (OR) patients for each treatment method (in vivo stimulation, n = 32; ACT, n = 2; ACT+, n = 20). (B) Proportions of treatment outcomes in different types of tumors (solid, n = 258; hematological, n = 49). Pie charts show the proportions of CR and PR within OR patients for each tumor type (solid, n = 36; hematological, n = 18). (C) Proportions of treatment types applied in different types of tumors (solid, n = 258; hematological, n = 49). p-values (Pearson’s chi-squared test) are indicated in (A–C). PD, progressive disease; SD, stable disease; OR, objective response; CR, complete response; PR, partial response.



The three strategies had statistical differences in outcomes (p = 0.000, Pearson’s chi-squared test). According to single-rate meta-analysis, the pooled OR rate for in vivo stimulation, ACT, and ACT+ was 8.7% (95% CI 1.1%–20.3%), 0.5% (95% CI 0%–5%), and 35.5% (95% CI 4.8%–73.3%), respectively (Supplemental Figure 2).

When compared separately using the number of patients from each condition, in vivo stimulation vs. ACT (p = 0.000, Pearson’s chi-squared test; Figure 3A) and ACT vs. ACT+ (p = 0.000, Pearson’s chi-squared test; Figure 3A) showed significant differences, while in vivo stimulation vs. ACT+ (p = 0.03, Pearson’s chi-squared test) were similar at a significance level of 0.017. However, when examining the results in detail, it was found that the best response to in vivo stimulation treatments was only PR, with the largest contribution coming from the study that combined in vivo stimulation with PD-1 treatment (104). In contrast, 11 out of the 20 OR patients treated with ACT+ achieved CR (Figure 3A, pie chart). Furthermore, as tumor type can have a significant impact on treatment response, the responses of patients with hematological cancers and solid cancers were compared in this group of 307 patients (Figure 3B, Supplemental Figure 4). Of these, 49 patients had hematological cancer, whereas 258 patients had solid cancers. Among hematological cancer patients, 37% (18 patients) achieved OR (pooled OR rate 30.1%, 95% CI 3.2%–65.7%), and among solid tumor patients 14% (36 patients) achieved OR (pooled OR rate 5.6%, 95% CI 0.7%–13.1%).

The two cancer types had significantly different responses to γδ T-cell therapy in general (p = 0.001, Pearson’s chi-squared test). However, conclusions should be drawn with caution, as the above analysis shows that the choice of treatment strategy also greatly influences patient response. Among patients with a measurable response, the choice of treatment strategy differed between hematological cancers and solid tumors (p = 0.002, Pearson’s chi-squared test), with 32% of solid cancer patients being treated with the lower response rate ACT treatment and 33% of blood cancer patients being treated with ACT+ treatment (Figure 3C, Table 3). It was not possible to compare the responses of different treatments separately in patients with hematological cancers and those with solid tumors, as only the number of patients with solid tumors was sufficient for statistical analysis. In patients with solid tumors, as in patients overall, there were differences in response between treatments (p = 0.003, Pearson’s chi-squared test; Table 3), with in vivo stimulation and ACT+ showing better OR results than ACT alone [OR rates of 19.7% for in vivo stimulation and 17.9% for ACT+ vs. 2.4% for ACT alone; pooled OR rates for in vivo stimulation, ACT+, and ACT alone of 6.9% (95% CI 0.0%–20.2%), 18.4% (95% CI 0.0%–58.3%), and 0.6% (95% CI 0.0%–5.5%), respectively, Supplemental Figure 6].


Table 3 | Treatment strategy influences in γδ T cell immunotherapy (n = 307).



Among the 138 patients for whom detailed information, such as age and sex, was recorded alongside treatment responses, no significant differences depending on these characteristics were observed (Table 4, Supplemental Figure 10).  Of these 138 patients, 49 and 89 patients suffered from hematological and solid cancers, respectively. Nine hematological malignancies were treated, with lymphoma being the most tested tumor [including B-cell lymphoma (lymphoma), follicle center lymphoma (FCL), mantle zone lymphoma (MZL), and T-cell non-Hodgkin lymphoma (T-NHL); Figure 4A]. A recent cohort study that used modified γδ T cells to treat B-cell lymphoma had the best response rate (Figure 4A, Table 2) (84). For solid tumors, there were 12 kinds of cancers recorded, with 10 cancers in female patients (n = 38) (Figure 4B, left panels) and seven cancers in male patients (n = 51) (Figure 4B, right panels). The type of cancer found most often in tested patients of both sexes was lung cancer, which was treated in all cases with ACT (Figure 4B, lower panels); however, the outcomes were moderate (Figure 4B, upper panels). Out of 38 female solid cancer patients, three reached OR, all with ACT+ treatment. Although treatment strategy matters, it is interesting to note that, among the ACT+-treated tumors, these positively responding cancers were all female-related (Figure 4B, upper left, pie chart). However, the sample size was too small to draw a conclusion. Among male solid cancer patients, 55% were treated with ACT, two patients reached OR, and the only CR patient received ACT+ treatment (Figure 4B, right panels).




Figure 4 | Overview of cancer types of patients treated with γδ T-cell immunotherapy (n = 138). (A) Diseases (left) and chosen treatment strategies (right) of hematological cancer patients (n = 49). Pie charts show the proportions of patients who achieved a complete response (CR) or a partial response (PR) after treatment (CR, n = 9; PR, n = 9). (B) Diseases (upper) and chosen treatment strategies (lower) of female (left) and male (right) solid tumor patients (female, n = 38; male, n = 51). Pie charts show the proportions of patients who achieved a CR or PR after treatment (female CR, n = 1; female PR, n = 2; male CR, n = 2). MM, multiple myeloma; AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; FCL, follicle center lymphoma; MZL, mantle zone lymphoma; IC, immunocytoma; SPL, secondary plasma cell leukemia; T-NHL, T-cell non-Hodgkin lymphoma; RCC, renal cell carcinoma.




Table 4 | Sex, age, tumor type, and treatment strategy influences in γδ T cell immunotherapy (n = 138).



In addition, when investigating if the number of cells reinfused in patients was associated with outcomes, it was found that, among the 94 patients from eight cohorts treated by γδ T-cell reinfusion, dosage information was available for 46 patients (four cohorts). In general, this sample followed the tendency of the above statistical analysis (Table 4, n = 46), except that there were no differences in the frequency of use of each strategy between hematological and solid cancers. Although the sample size was not large enough for statistical analysis, the response rates of blood and solid cancers were quite different (Table 4, n = 46; Figures 5A–C). This was mainly due to the cohort with lymphoma that was treated with modified T cells. This cohort also influenced the difference in responses between age groups (Table 4, n = 46; Figures 5A–D), as 75% of the patients in this cohort were less than 60 years old (84), whereas the other three cohorts had equal numbers of patients above and below 60 years old. Overall, the total cell dose tended to be positively correlated with infusion times (Figure 5) and ranged from 0.1 × 109 cells to 31.4 × 109 cells. Interestingly, those with an OR response were not necessarily reinfused with the highest γδ T-cell numbers, but all received ACT+ treatment (Figures 4A, B, Table 5). This was in accordance with the fact that total infusion doses were generally higher in the case of the less effective ACT treatment than when ACT was combined with other treatments  (Figure 5B, Table 5). However, higher doses tended to stabilize disease progression (Figure 5A, Table 5). When considering only unmodified T-cell therapies (n = 34), as the cohort using modified T-cells strongly influence the analysis, the dosages were significantly different when comparing treatment types and sex (Table 4). Male patients tended to be infused with higher doses of Vγ9Vδ2 T cells (Figure 5E, Table 5).




Figure 5 | Relationships between γδ T cell reinfusion doses and treatment outcome, strategy, tumor type, age, and sex (n = 46). (A) Relationship between treatment outcome and dosage. γδ T-cell total infusion cell numbers (10 (9) cells) were divided into five groups and are presented on the x-axis; the y-axis indicates total infusion times. The bubble color indicates the treatment outcome, and the bubble size indicates the number of patients. (B) Relationship between treatment strategy and dosage. (C) Relationship between tumor type and dosage. (D) Relationship between age and dosage. (E) Relationship between sex and dosage.






Figure 6 | Overview of currently registered γδ T-cell immunotherapy clinical trials (n = 48). (A) Proportions of currently registered γδ T-cell immunotherapy clinical trials according to status, phase, and location. (B) Timeline of registered clinical trials by treatment strategy. The pie chart shows the proportion of trials for each strategy. (C) Timeline of registered clinical trials by infusion cell origin. (D) Timeline of registered clinical trials by tumor type (left) and detailed malignancies involved in registered trials (right). The pie chart indicates the proportions of different tumor types across all registered trials. (E) Planned infusion dosage of registered trials. Left: treatment strategies are indicated on the x-axis, and planned γδ T-cell infusion cell numbers are indicated on the y-axis. The round yellow dot shows the planned maximum infusion dose, and the gray triangle dot shows the planned minimum infusion dose. The bar connects the maximum and minimum number for each trial. Right: the proportions of different planned minimum (upper) and maximum (lower) infusion doses. (F) Upper age limit of registered γδ T-cell immunotherapy clinical trials. Left: proportions of different upper age limits. Right: the relationship between upper age limits, treatment strategy usages, and tumor types. The bubble color shows the tumor type of the trial, and the bubble size indicates the number of trials. (C–F) Not applicable: strategies not involving cell infusion; not defined: infusion cell origin not defined.




Table 5 | Cell dosage differences by treatment outcome, strategy, tumor type, age, and sex in γδ T cell immunotherapy (n = 46).






3.3 Currently registered γδ T cell clinical trials

As of 15 November 2022, at least 48 γδ T cell-related clinical trials had been registered on the ClinicalTrials.gov website. Of these trials, 30 (63%) were ongoing (Figure 6A, left), and most of them were phase I trials aimed at testing the safety and preliminary efficacy of using Vγ9Vδ2 T cells to treat cancers (Figure 6A, middle). China and the United States accounted for 81% of the initiators of all these trials (Figure 6A, right). Compared with the completed trials analyzed above, these registered trials show the dynamic evolution of strategies for applying γδ T cells in clinics (Figure 6B). The earliest γδ T-cell clinical trials registered on ClinicalTrials.gov were started in 2003, the same year that Wilhelm et al. published their study on the use of γδ T cells to treat hematological malignancies (68). More than a decade later, the registration rate was quite stable; from 2003 to 2016, only nine γδ T-cell clinical trials were started.

Interestingly, since 2017, there has been a dramatic increase in the number of γδ T-cell clinical trials (Figures 5B–D). The first clinical trial using modified γδ T cells (CAR-T) was posted in 2016 and started in 2017 in China, the same year that the FDA (US Food and Drug Administration) approved the world’s first CAR-T cell immunotherapy (Kymriah) to treat leukemia. Since then, 10 more CAR-modified γδ T-cell therapies, one gene-modified study focused on increasing γδ T cells’ chemo drug-resistance (105) (NCT04165941), and one study applying TCR-T cell technology, which transduces tumor cytotoxic γδ TCR to αβ T cells (106, 107) (NCT04688853), have been started. In addition to manipulating T cells directly, the use of Vγ9Vδ2 T-cell-activating antibodies, either humanized anti-BTN3A antibodies (83) (NCT04243499) or engineered tumor-γδ TCR bispecific antibodies (NCT05369000, NCT04887259), has become a new trend in the last 2 years. Antibody drugs have many advantages; for example, they can be obtained “off the shelf”, they are easy to produce, it is easy to ensure quality and to operate batch control, and they are relatively low cost. For therapies involving γδ T-cell infusion, 2017 was also a turning point, with healthy donor-derived γδ T cells arriving on the market. Of the 34 adoptive cell transfer trials after 2017, after excluding four trials that did not indicate cell origin, 20 out of 30 clinical trials used allogeneic γδ T cells (Figure 6C). When looking at the treated cancer types, before 2017, γδ T-cell therapy was dedicated to treating solid tumors, but this changed after the launch of CAR-γδ T cell therapy (Figure 6D). Currently registered CAR-γδ T-cell therapy trials are mainly testing its use in hematological malignancies, following the successful use of typical CAR-T-cell therapy. Leukemia and liver cancers are the most tested blood and solid cancers, respectively (Figure 6D, right).

In the case of adoptive cell transfer, 22 of the trials provided dosage information. There are two ways of calculating dosage: one is based on the body weight of patients, giving the infusion cell number per kg, and the other is based on the total cell number per infusion, regardless of body weight. To easily analyze the two systems together and compare the results, as far as possible, with the results of completed trials the cell number was multiplied by 10 for those trials that considered patients’ weight for dosage. The expected infusion doses were mainly between 107 and 108 cells per infusion (Figure 6E). It is important to note that, among the 22 trials, excluding those that did not indicate infusion times, six trials used a single infusion, and eight used multiple infusions (mostly four or six infusions). Thus, when considering body weight and the number of infusions (multiple infusion trials also tended to have a higher dose per infusion), the maximum total planned dose may increase to 109 cells for most trials. The planned doses were similar to those administered to the 16 cohorts in completed trials, in which the median of average cell dose (regardless of ACT or ACT+) was 5.85 × 109 cells (Figure 1D), and the medians of the minimum and maximum infusion doses were 0.75 × 109 and 14.15 × 109 cells, respectively.

Furthermore, regarding the T-cell subtype, except for three trials that transferred γδ TCR or part of γδ TCR to αβ T cells, all the other trials used γδ T cells. Currently, only two trials are using allogeneic Vδ1 γδ T cells to treat hematological malignancies (NCT04735471 and NCT05001451); all the other registered clinical trials are focused on the use of Vγ9Vδ2 T cells. As mentioned earlier, the number of Vγ9Vδ2 T cells gradually declines with age (108, 109); this might be considered as a possible influencing factor on treatment outcomes, especially in trials using autologous γδ T cells or trials applying in vivo stimulation or activating antibodies. Regarding exclusion criteria, 35% of the registered trials did not set an upper limit on the eligible age of participants (Figure 6F), whereas 27% of the trials used an age below 75 years as an inclusion criterion. Among the 14 trials using autologous γδ T cells, 10 trials included either a lower age limit of 75 years or no age limit in their inclusion criteria. The majority of in vivo stimulation and Vγ9Vδ2 T-cell-activating antibodies trials do not have an upper age limit (Figure 6F). Indeed, for early-phase clinical studies, age limitation was not the priority for exclusion criteria. In future, if possible, the effect of age should be carefully tested and compared during these early phases to give better treatment choices for different age groups of patients. 





4 Use of γδ T cells in the pharmaceutical industry

Although many features of γδ T cells are still unknown, their practical uses can still be studied and applied. Currently, at least 29 pharmaceutical companies have made progress in developing γδ T-cell-based therapies for fighting cancers. Table 6 lists both the preclinical and clinical stage γδ T-cell-related anticancer products being developed by these companies. Compared with the currently registered clinical trials, the approaches designed by the pharmaceutical industry are more diverse.


Table 6 | Preclinical and clinical stage therapeutic γδ T cells in the pharmaceutical industry.



There are four broad types of strategies being employed in the pharmaceutical industry. The first is the unmodified strategy, in which researchers focus on harnessing the natural capacity of effector γδ T cells and exploiting their MHC-independent nature to take advantage of “off-the-shelf”, safe-to-use, and easy-to-produce benefits. This approach involves utilizing both Vδ2 and Vδ1 γδ T cells, focusing on optimizing the expansion steps, such as the products of GammaDelta Therapeutics Ltd. and PhosphoGam.

Second is the modified strategy. Introducing the classical CAR structure to γδ T cells is the starting point for this strategy, with at least nine companies using the typical CAR T-cell technique.  The targets of CAR γδ T cells can be classified into two types: one is antigens highly expressed in tumors, such as GPC3 and mesothelin, and the other is receptors, such as NKG2DL and PD-L1 (Table 6). One study targeting the former found that PD-L1-targeting CAR (αβ) T cells had increased cytotoxicity toward high-PD-L1-expressing tumor cells (110). In addition, many companies have designed modified CARs. One strategy, similar to TCR-T-cell techniques, is transplanting the selected antitumor γδ TCR into αβ T cells, such as Gadeta, or using γδ TCR domains to modify CARs, which has been developed by companies such as Eureka Biotechnology (Beijing). The other strategy combines induced pluripotent stem cells (iPSCs) and CAR techniques to produce off-the-shelf CAR γδ T cells, such as those produced by Century Therapeutics and CytoMed Therapeutics. Studies of the former type have shown the feasibility of generating iPSC-derived antitumor CAR γδ T cells (111, 112). In addition to modifying γδ T cells by CAR, gene editing by CRISPR has also been commonly used in recent years by companies such as IN8bio and Immatics.

Third is the antibody-based strategy. ImCheck has used anti-BTN antibodies to stimulate Vγ9Vδ2 T cells in vivo; in an early analysis from their phase I/II clinical trial, ICT01 (anti-BTN3A) demonstrated a 36% disease control rate in a 22-patient cohort (Imchecktherapeutics.com: Imcheck Therapeutics). Several companies, such as LAVA Therapeutics and Shattuck, have used bispecific antibodies to activate and endow specificity on γδ T cells. PureTech has used an anti-Vδ1 antibody to block protumor Vδ1 γδ T cells (Table 6). Acepodia has combined the antibody-based approach with adoptive cell transfer, in which γδ T cells are chemically modified by tumor-specific antibodies.

Last is the use of chemical drugs and the modification of tumors. American Gene Technologies aims to genetically modify tumor cells to increase their PAgs level and activate Vγ9Vδ2 T cells in situ. AVM Biotechnology’s preclinical results show that the antitumor effects of high concentrations of the drug dexamethasone phosphate involve the activation of γδ TCR+ NKT cells. This drug can be given alone or as a preconditioning agent before CAR-T-cell treatment (113, 114).




5 Discussion

The applications of γδ T cells in cancerous diseases have been carefully reviewed here, but several limitations should be taken into consideration. First, we used PubMed and ClinicalTrials.gov only as the primary search databases. For ongoing trials, clinical trial registration websites in the EU, Japan, China, Australia, and New Zealand were not cross-checked. However, the analyzed trials should provide a proper overview of current developments in γδ T-cell immunotherapy. Second, in the review of current γδ T-cell treatment outcomes, the aim was to obtain a general idea of whether or not the use of different treatment strategies could influence outcomes based on the limited sample numbers and diverse conditions of different studies. For instance, we roughly divided the treatment strategies into three categories (i.e., in vivo stimulation, ACT, and ACT+), but recent studies have tried to combine in vivo stimulation with other treatments, such as checkpoint inhibiter treatment (Table 2) (104). In addition, the modification of T cells was included in the ACT+ group so that the ACT group, as far as possible, included only conventional γδ T-cell infusion. Such comparisons will become more accurate as the use of γδ T-cell therapies increases in clinics in the future.

Despite these limitations, several conclusions can be drawn from reviewing past γδ T-cell immunotherapies. First, although not covered in this review, γδ T-cell immunotherapy is a safe approach in clinics, whether it involves in vivo stimulation, reinfusion, or autologous or allogeneic reinfusion. In general, adverse events more severe than grade 2 were not directly related to γδ T-cell treatment and could be adequately controlled. Second, the treatment method appears to have a significant impact on the outcomes. Reinfusion of γδ T cells tended to have a greater potential for complete responses than in vivo stimulation (Figure 3A). Even for the less effective treatment of ACT alone, one of the two patients who achieved OR had a complete response (Figure 3A), and ACT treatment had the highest pooled SD rate (Supplemental Figures 3 and 7). This may be related to the patient’s response to zoledronate treatment. Many in vivo stimulation studies involved a zoledronate sensitivity test when selecting patients (76, 85, 92). Although patients were considered to be responsive to zoledronate, multiple treatments reduced the reaction (74, 90). This would not happen with multi-reinfusion of active γδ T cells, especially with cells of allogeneic origin. In addition, for reinfusion, allogeneic γδ T cells from healthy donors may be more resilient to the tumor environment.

Furthermore, combining γδ T-cell therapy with other conventional therapies or in vivo stimulation showed promising results. Studies have shown the stimulatory immunomodulating effects of radiotherapy (115). The activated tumor microenvironment resulting from such combined therapy may help the reinfused effector γδ T cells to operate effectively inside the tumor. Unlike CAR-T-cell treatment, γδ T-cell therapy often involves multiple infusions. Infusion times and dosages were not necessarily positively related to treatment responses (Figure 5A). It is interesting to note that male patients tended to receive higher reinfusion dosages than female patients (Figure 5E). In addition, it is interesting to note the regional difference (Supplemental Figures 8, 9). This was probably mainly due to when the γδ T-cell therapy was applied, as early studies tended to use the direct stimulation strategy. Thus, most in vivo stimulation results came from European countries, whereas reinfusion studies were more often carried out in Asian countries. In the future, it would be interesting to investigate if different treatments perform the same in different countries.

From the findings of prognosis studies, it is evident that the functional state of γδ T cells plays a critical role in cancer treatment. The difference in prognoses based on the role γδ T cells play in acute and chronic hematological cancers highlights the importance of manipulating the functioning state of γδ T cells in future immunotherapy design. Long-term disease settings seem to culture dysfunctional γδ T cells and select the protumor subset (65). Therefore, reinfusing fully functioning γδ T cells that are resistant to the tumor microenvironment (TME) could efficiently control cancer progression. In addition, in contrast to CAR-T-cell or TCR-T-cell immunotherapies, conventional γδ T-cell immunotherapy protocols usually do not include the lymphodepletion step. However, one study found that certain chemotherapy drugs could activate tumor macrophages and help create an antitumor TME (116), suggesting that optimizing treatment protocols could also help to improve γδ T-cell immunotherapy outcomes. Furthermore, in solid tumor treatments in women, the three (8%) instances of OR were in breast and cervical cancer patients. Future studies could focus on investigating if these cancers are more sensitive than other types of cancer to γδ T-cell therapy. This is especially important as breast and gynecological cancers have the highest incidence and mortality rates among female cancers according to the Global Cancer Observatory [Global Cancer Observatory (iarc.fr)]. Moreover, in addition to the “quality” of γδ T cells, multiple reinfusion of large numbers of natural γδ T cells tended to stabilize disease progression (Figure 5A, Supplemental Figure 3). With their MHC-independent advantages, unmodified allogeneic γδ T cells could serve as a good treatment option for providing late-stage cancer patients with more time before undergoing further tumor-eliminating treatments. In addition, understanding the distinctions between responding and non-responding patients is crucial for enhancing the effectiveness of γδ T-cell immunotherapy. Whether the differences lie in genetics or microenvironments, this knowledge should enhance the understanding of γδ T cells as well as enable researchers to make informed decisions regarding precision treatment.
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Supplementary Figure 1 | Forest plot of stable disease (SD) rate (n = 27). SD indicates the number of patients in each cohort who achieved stable disease. The total indicates the total number of measurable patients in each cohort. The SD rate, 95% confidence interval (CI), and weights of fixed- and random-effects models are indicated for each cohort. Blue squares show the mean SD rate of each cohort, and the size indicates the weight of the cohort; gray lines show the 95% CI, and the diamond shapes show the pooled weighted means of the SD rate using fixed- and random-effects models.

Supplementary Figure 2 | Forest plot of objective response (OR) rate sub-grouped by treatment strategy (n = 27). The OR indicates the number of patients in each cohort who achieved an objective response. The total indicates the total number of measurable patients in each cohort. The OR rate, 95% confidence interval (CI), and weights of fixed- and random-effects models are indicated for each cohort. Blue squares show the mean OR rate of each cohort, and the size indicates the weight of the cohort; gray lines show the 95% CI, and the diamond shapes indicate the pooled weighted means of OR rates for each treatment subgroup and for all cohorts using fixed- and random-effects models.

Supplementary Figure 3 | Forest plot of stable disease (SD) rate subgrouped by treatment strategy (n = 27).

Supplementary Figure 4 | Forest plot of objective response (OR) rate subgrouped by tumor type (n = 27).

Supplementary Figure 5 | Forest plot of stable disease (SD) rate subgrouped by tumor type (n = 27).

Supplementary Figure 6 | Forest plot of objective response (OR) rate in solid tumor cohorts subgrouped by treatment (n = 21).

Supplementary Figure 7 | Forest plot of stable disease (SD) rate in solid tumor cohorts subgrouped by treatment (n = 21).

Supplementary Figure 8 | Forest plot of objective response (OR) rate subgrouped by research location (n = 27).

Supplementary Figure 9 | Forest plot of stable disease (SD) rate subgrouped by research location (n = 27).

Supplementary Figure 10 | Overview of the effects of sex and age influence on outcomes for patients treated with γδ T-cell immunotherapy (n = 138). (A) Proportions of treatment outcomes in male and female patients (male, n = 81; female, n = 57). Pie charts show the proportions of complete response (CR) and partial response (PR) within objective response (OR) patients of each sex (male, n = 14; female, n = 9). (B) Proportions of treatment outcomes in different age groups (≤ 60 years, n = 67; > 60 years, n = 71). Pie charts show the proportions of CR and PR within the OR patients of each age group (≤ 60 years, n = 16; > 60 years, n = 7). p-values (Pearson’s chi-squared test) are indicated in (A, B). To take full advantage of these previous human studies, there were 138 patients for whom detailed information, such as age and sex, was available alongside treatment responses. The overall treatment responses were different among the three strategies (p = 0.000, Pearson’s chi-squared test, n = 138; Table 3), but, in this smaller sample, adoptive cell transfer (ACT) combined with other treatments except for IL-2 treatment (ACT+) had the best response rate [38% OR rate vs. 11% of in vivo stimulation patients (p = 0.013) and 2% of ACT patients (p = 0.000)]. Of these 138 patients, 57 were female and 81 were male. The responses [OR, SD, and progressive disease (PD)] to different treatments were similar when compared between sexes (p = 0.214, Pearson’s chi-squared test, n = 138; Table 3), whereas the age distribution was different between female and male patients (p = 0.008, Wilcoxon rank-sum test), with 61% and 40% of female and male patients less than 60 years old, respectively (median age: 57 years for females and 63 years for males). In addition, previous studies indicated that the percentage of Vγ9Vδ2 T cells was lower in elderly people and showed defects in functioning (92, 104); for this reason, the patients here were divided into age groups of ≤ 60 years and > 60 years (in order to have similar sample sizes in each group) to give a general idea of the effect of age on treatment response. There were no response, treatment type, or tumor type differences between these age groups (n = 138; Table 3). In addition, when comparing tumor types (hematological vs. solid), this smaller sample followed the same trend as the n = 307 sample presented above (Figure 2B; Table 2), in which both responses and treatment types were different between blood and solid tumors (Table 3; n = 138). This may emphasize the importance of different γδ T-cell therapy strategies on treatment outcomes.
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