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Problems

γδ T cells are essential for anti-leukemia function in immunotherapy, however, γδ T cells have different functional subsets, including regulatory cell subsets expressing the Foxp3. Whether they are correlated with immune-checkpoint mediated T cell immune dysfunction remains unknown in patients with acute myeloid leukemia (AML).



Methods

In this study, we used RNA-seq data from 167 patients in TCGA dataset to analyze the correlation between PD-1 and FOXP3 genes and these two genes’ association with the prognosis of AML patients. The expression proportion of Foxp3+/PD-1+ cells in γδ T cells and two subgroups Vδ1 and Vδ2 T cells were performed by flow cytometry. The expression level of FOXP3 and PD-1 genes in γδ T cells were sorted from peripheral blood by MACS magnetic cell sorting technique were analyzed by quantitative real-time PCR.



Results

We found that PD-1 gene was positively correlated with FOXP3 gene and highly co-expressed PD-1 and FOXP3 genes were associated with poor overall survival (OS) from TCGA database. Then, we detected a skewed distribution of γδ T cells with increased Vδ1 and decreased Vδ2 T cell subsets in AML. Moreover, significantly higher percentages of PD-1+ γδ, Foxp3+ γδ, and PD-1+Foxp3+ γδ T cells were detected in de novo AML patients compared with healthy individuals. More importantly, AML patients containing higher PD-1+Foxp3+ γδ T cells had lower OS, which might be a potential therapeutic target for leukemia immunotherapy.



Conclusion

A significant increase in the PD-1+Foxp3+ γδ T cell subset in AML was associated with poor clinical outcome, which provides predictive value for the study of AML patients.
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Introduction

Acute myeloid leukemia (AML) is an aggressive hematological malignancy characterized by the accumulation of immature myeloid precursors, ultimately resulting in inhibition of normal hematopoiesis. Although understanding of the classification, molecular mechanism, pathobiology, and genomic landscape of AML has advanced in recent years, the treatment standard has remained upfront induction chemotherapy followed by consolidation chemotherapy or hematopoietic stem cell transplantation (HSCT) (1–4). In addition, there is no regimen that can effectively protect against poor outcome with relapse/refractory disease and the achievement of sustained complete remission (CR) for AML patients (5, 6). According to the clinical trials, the median survival months of AML patients with relapse or refractory were less than 10 months (3, 7–11). In general, allogeneic HSCT achieves survival in 20%-35% of relapse/refractory AML patients at 4 years (12, 13). Thus, relapse after allogeneic HSCT is a common problem and occurs in 25%-55% of AML patients. It has been shown that leukemia cells induce the expression of immune checkpoint (IC) genes and the immune escape of leukemia cells is a key cause of relapse and refractory. Recently, blockades of immune-checkpoint inhibitors (ICIs), such as programmed death receptor (PD-1) and its ligand (PD-L1), T-cell immunoreceptor with immunoglobulin and immunoreceptor tyrosine-based inhibitory motif (ITIM) domain (TIGIT), and T cell immunoglobulin and mucin domain (Tim-3), have been proven to be successful in the treatment of solid tumors (14, 15). In contrast, the clinical effectiveness of such immune therapies appears to be relatively different for AML subtypes and clinical trials with different prognosis (16, 17). Therefore, effective and individualized ICI treatments are urgently needed for AML patients. T cell immunodeficiency is a common characteristic of AML, thus adoptive T cell immunotherapy has recently emerged as an effective and prospective strategy for improving anti-leukemia therapy (18). It is known that γδ T cells are a numerically small subset of T cells in human peripheral blood (PB), and upon activation, they perform the characteristic functions of both innate and adaptive immunity (19). Human γδ T cells have the ability to recognize a wide range of antigens in the absence of major histocompatibility complex molecules and can directly attack stressed cells via their cytotoxic activity or by indirectly enhancing the biological functions of other immune cells (20, 21). A growing body of evidence has demonstrated that γδ T cells could lead to cytotoxic activation in many types of solid tumors, including lymphoma, breast, prostate, and colon cancer (22, 23). Additionally, γδ T cells are essential for anti-leukemia function and have been proposed to have therapeutic potential for leukemia treatment (24, 25). However, not all of the γδ T cell subsets perform anti-leukemia functions. In contrast, some expanded γδ T cell clones and subsets may be related to poor outcome for leukemia (26). In addition, γδ T cells have different functional subsets, including regulatory T cell subsets that express the transcription factor forkhead box p3 (Foxp3) (27). Foxp3-positive αβ T cells are traditional Tregs, and these cells have been observed to possess an immune regulatory function in patients (28, 29). The regulatory subset of γδ T cells that express Foxp3, termed γδ regulatory T cells (γδ Tregs), has been reported to be at a low expression frequency in tumor-infiltrating leukocytes and human PB; however, the relevant underlying regulatory mechanism remains unclear.

It has been reported that Treg proliferation and its suppressive functions are regulated by the PD-1/PD-L1 pathway via a potentially novel mechanism (30). As it is known, PD-1 is an immunoreceptor expressed on activated T cells that negatively regulates antigen receptor signaling and mediates T cell suppression and dysfunction in leukemia (31). The PD-1/PD-L1 pathway plays a critical role in the prevention of abnormal autoimmune responses, and blockade of the PD-1/PD-L1 pathway was demonstrated to be an effective treatment for hematologic malignancies by clinical enhancement of the immune response (32, 33). Furthermore, the PD-1/PD-L1 pathway maintains Foxp3 stability by inhibiting degradation via downregulation of the endo-lysosomal protease asparaginyl endopeptidase (34). Our previous study reported that higher expression of ICIs in bone marrow (BM) leukemia cells in AML patients correlates with poor outcome (35, 36). Moreover, higher PD-1 expression was detected on exhausted CD8+ T cells in AML patients (37). However, whether PD-1 expression correlates with γδ Tregs and influences prognosis in AML needs to be further studied. In this study, we characterized increased PD-1+Foxp3+ γδ T cells in patients with de novo AML, which may be relevant to poor clinical outcome.



Materials and methods


Acquisition of the TCGA dataset

From the cancer genome atlas (TCGA; https://cancergenome.nih.gov/) database, level 3 RNA-seq data from 167 AML patients was downloaded using UCSC XENA (https://xenabrowser.net/datapages/) related data analysis (34). RNA-seq data are presented in the form of log2 (RPKM+1). Subsequently, RNA-seq data were assigned to a training group for analysis. Because the TCGA dataset is publicly available, no local ethics committee approval was required (Supplementary Table 1).



Samples

PB samples were collected with consent from 36 de novo AML patients, including 17 males and 19 females with a median age of 53.5 years (range: 18-86 years). PB from 25 age-matched healthy individuals (HIs) who had no acute or chronic infectious diseases, autoimmune diseases, or tumors, including 13 males and 12 females with a median age of 55 years (range: 25-70 years), were recruited as healthy controls. There are 21 PB samples were detected by flow cytometry and the remain 15 PB samples were used as the training cohort by quantitative real-time PCR (qRT-PCR). The overall survival was defined as the time from the date of diagnosis to the date of death or last follow- up time. The clinical information of AML patients was listed in Supplementary Table 2. All procedures were conducted according to the guidelines of the Medical Ethics committees of the health bureau of Guangdong Province in China, and ethical approval was obtained from the Ethics Committee of the First Affiliated Hospital of Jinan University.



Flow cytometry

Peripheral blood mononuclear cells (PBMCs) were isolated from AML patients and HIs and then incubated with the following antibodies: CD45-V450 (clone H130), CD3-Alexa Fluor® 700 (clone SP34-2), TCR γδ-PE-Cy7 (clone B1), Vδ1-FITC (clone TS8.2), Vδ2-PerCP (clone B6), PD-1-PE (clone EH12.2H7), Foxp3-Alexa Fluor® 647 (clone 150D), PE isotype control (clone MOPC-21), and Alexa Fluor® 647 isotype control (clone 259D/C7) (BioLegend, SanDiego, USA; BD Biosciences, San Jose, USA; Abcam Cambridge, UK). First, cells obtained from fresh PB samples were stained with surface markers including CD45, CD3, TCR γδ, Vδ1, Vδ2, and PD-1 at 4°C in the dark for 30 minutes. For Foxp3 expression detection, anti-Foxp3 antibody and Foxp3 Fix/Perm buffer were used according to the manufacturer’s instructions. The gating standards for PD-1 and Foxp3 were set using the isotype controls recommended by the manufacturer. A total of 30,000-50,000 CD3+ cells were collected with a BD FACS VERSE flow cytometer (BD Biosciences, San Jose, USA), and data were analyzed by Flowjo software (Flowjo LLC, USA) (38).



γδ T cell sorting and quantitative real-time PCR (qRT-PCR)

γδ T cells were sorted from PBMCs using a γδ T cell monoclonal antibody and the MACS magnetic cell sorting technique (Miltenyi Biotec, Bergisch Gladbach, Germany). RNA was reverse transcribed into first-strand cDNA with random hexamer primers. qRT-PCR using the SYBR Green I technique was used to examine the FOXP3 and PD-1 gene expression level in cDNA from γδ T cells with the β2 microglobulin gene serving as an endogenous reference. The primers were purchased from Invitrogen Biotechnology Co. Ltd. (Shanghai, China) (Supplementary Table 3). The relative mRNA expression level was calculated using the 2-△Ct× 100% method (39).



Statistical analysis

All data are represented as medians. Comparisons between the different γδ T cell populations and differences in mRNA expression between two groups were analyzed by the Mann Whitney U test for non-parametric values. Spearman rank correlations and linear regression analyses were used to estimate the correlation between quantitative parameters. Mann Whitney U test, Spearman rank correlations, and linear regression analyses were performed by the R package “ggplot2”. Cox regression analysis was used to explore associations between the frequencies of γδ T cells and their subsets and the outcome of patients with de novo AML. The explanatory variables included the proportions of the Foxp3+, PD-1+, and PD-1+Foxp3+ subsets in γδ T cells. Odds ratios and 95% confidence intervals were also calculated. Statistical analyses were performed with SPSS 13.0 statistical software and R package “ggplot2”. P < 0.05 was considered significant.




Results


Co-expression characteristics of the FOXP3 and PD-1 genes in AML

Previous studies from our research group have shown that higher PD-1 expression is related to poor OS for AML patients (34). In this study, we first explored the correlation between the expression and prognostic value of PD-1 and FOXP3 for AML patients by analyzing RNA-seq data from 167 AML patients in the TCGA database. According to the media expression levels of FOXP3/PD-1 genes, AML patients were divided into high-, low-, co-high, and co-low expression groups to plot and compare Kaplan-Meier curves. Our initial results demonstrated there was a positive correlation between PD-1 and FOXP3 (R = 0.376, P<0.001) (Figure 1A). Subsequently, we found no significant correlation between the FOXP3 gene expression level and OS (FOXP3high vs. FOXP3low, 24-month OS: 36% vs 53%, P = 0.368) (Figure 1B), while a significant association between the PD-1 gene and OS was found (PD-1high vs. PD-1low, 24-month OS: 35% vs 54%, P = 0.009) (Figure 1C). More importantly, AML patients with higher FOXP3 and PD-1 co-expression had worse OS (PD-1high FOXP3high vs. PD-1low FOXP3low, 24-month OS: 35% vs 65%, P = 0.018) (Figure 1D).




Figure 1 | The correlation and the prognostic between the expression of PD-1 and FOXP3 genes in AML from the TCGA (The Cancer Genome Atlas). (A) Correlation of the expression levels of PD-1 and FOXP3. (B–D) The optimal cutoff values were based on the median gene expression levels, the FOXP3 and PD-1 genes were divided into high expression (red line) and low expression (blue line) groups, which were plotted in Kaplan-Meier curves (top) with the number at risk AML patients (bottom). Kaplan-Meier curves are shown for single FOXP3 high or low expression, single PD-1 high or low expression, and co-high or co-low expression of PD-1/FOXP3. (B) FOXP3high vs. FOXP3low, 24-month OS: 36% vs. 53% P = 0.368. (C) PD-1high vs. PD-1low, 24-month OS: 35% vs. 54% P = 0.009. (D) PD-1 high FOXP3high vs. PD-1 low FOXP3low, 24-month OS: 35% vs. 65% P = 0.018.





Skewed distribution of γδ T cells and increased Foxp3+/PD-1+ γδ T cells in AML patients

To compare the frequency of γδ T cells and their subsets in AML patients with that in HIs, seven different antibodies were used for detection. CD45high lymphocytes expressing CD3 and γδ TCRs were gated as CD3+ and γδ T cells, respectively. The γδ T cells were then divided into two subsets based on the expression of Vδ1 and Vδ2. A decreased trend for the total γδ T cell proportion in CD3+ T cells from 21 patients with de novo AML when compared with 15 HIs (Figures 2A, B) (median: 5.5% vs. 8.8%, P = 0.049) was found together with an increased proportion of the Vδ1 subgroup (median: 52.3% vs 17.7%, P = 0.004) and a decreased proportion of the Vδ2 T cell subgroup in the total γδ T cell population (median: 31.0% vs. 66.3%, P = 0.004) (Figures 2C, D). These results indicate a significantly decreased proportion of total γδ T cells with a higher frequency of the Vδ1 subset, and there was a lower trend for the Vδ2 subset in AML patients. Next, we examined the expression of Foxp3 in the γδ T cell subsets. A significantly higher percentage of Foxp3+ γδ T cells in the CD3+ T cell population (median: 6.7% vs. 4.2%, P = 0.007) and Foxp3+ Vδ1 in the γδ T cell population (median: 4.7% vs. 2.0%, P = 0.030) was found in AML patients. A high tendency for Foxp3+ Vδ2 in γδ T cells was also found; however, this did not appear to be statistically significant (median: 2.5% vs. 1.3%, P = 0.082) (Figures 2E, F). We further compared the PD-1 distribution in different γδ T cell subsets. It was noted that there was a dramatically increased trend in total PD-1+ γδ T cells in the CD3+ T cell population (median: 5.8% vs.2.4%), PD-1+ Vδ1 cells in the γδ T cell population (median: 18.4% vs. 6.6%), and PD-1+ Vδ2 cells in the γδ T cells population (median: 14.2% vs. 1.0%) (P = 0.030, P = 0.126, and P = 0.009, respectively) (Figures 2G–I).




Figure 2 | Distribution and frequency of Foxp3 and PD-1 expression in γδ, Vδ1, and Vδ2 cell subsets in PB from patients with de novo AML. (A, B) γδ T cells were gated by CD3+ T cells, further identifying Vδ1 and Vδ2 cell subsets from a healthy donor and a patient with de novo AML by flow cytometry analysis. (C) Comparison of the percentage of γδ, Vδ1, and Vδ2 cell subsets in AML patients compared with HIs. (D) The pie chart representing the distribution of Vδ1 and Vδ2 cells in AML patients and healthy individuals (HIs). (E) Detection of Foxp3 expression in γδ, Vδ1, and Vδ2 cell subsets from a healthy donor and an AML patient. (F) Comparison of the percentage of Foxp3+ γδ, Vδ1, and Vδ2 cell subsets in AML patients compared with HIs. (G) Detection of PD-1 expression in γδ, Vδ1, and Vδ2 cell subsets from a healthy donor and an AML patient. (H) Comparison of the percentage of PD-1+ γδ, Vδ1, and Vδ2 cell subsets in AML patients compared with HIs. (I) Heatmap representing the frequency of the Foxp3+ and PD-1+ γδ T subsets in patients with AML (A1-A21) compared with HIs (H1-H15).





A high proportion of PD-1 on Foxp3+ γδ T cells in AML patients

To better understand PD-1 expression on Foxp3+ γδ T cells, we further examined and compared the frequency of PD-1 on this subset. We detected the percentage of PD-1+Foxp3+ γδ T cells in different samples by flow cytometry. Compared with HIs, the PD-1 proportion in the Foxp3+ γδ T cell population was significantly increased (median: 1.2% vs. 0.1%, P < 0.001), and the Foxp3+ Vδ2 subset was also increased in AML patients (median: 0.7% vs. 0.1%, P = 0.004) (Figures 3A, B). However, there was no significant difference in the Foxp3+ Vδ1 subset (median: 1.2% vs. 0.4%, P = 0.247) between AML patients and HIs (Figures 3B, C).




Figure 3 | Distribution and frequency of co-expression with PD-1 and Foxp3 in γδ, Vδ1, and Vδ2 cell subsets. (A) Detection of co-expression with PD-1 and Foxp3 in γδ, Vδ1, and Vδ2 cell subsets from a patient with de novo AML by flow cytometry analysis. (B) Comparison of the percentage of PD-1+Foxp3+ in γδ, Vδ1, and Vδ2 cell subsets from de novo AML patients compared with HIs. (C) Heatmap representing the frequency of the PD-1+Foxp3+ γδ T subset in HIs (H1-H15) and patients with de novo AML (A1-A21).



Notably, we found a prominent positive correlation between PD-1+Foxp3+ γδ T cells and the Foxp3+ γδ T cell proportion (R = 0.627, P = 0.003) in AML patients, and there was no significant correlation between the proportions of those two groups (R = 0.430, P = 0.110) in HIs. Moreover, a positive correlation between the PD-1+Foxp3+ γδ and PD-1+ γδ T cell proportion was also found in the AML patients (R = 0.704, P < 0.001), while there was no significant correlation in HIs (R= 0.376, P = 0.167) (Figure 4A). We also analyzed the expression levels of the FOXP3 and PD-1 genes in γδ T cells from de novo AML patients and compared these results with that of HIs. Remarkably, higher PD-1 expression levels were detected in the de novo AML group compared with the HI group (P = 0.021), and a higher FOXP3 expression trend was also found (P = 0.680) (Figure 4B). Moreover, a positive correlation between FOXP3 and PD-1 gene expression in γδ T cells (R = 0.781, P = 0.002) from de novo AML patients was found, but there was no significant correlation in HIs (r = 0.399, P = 0.201) (Figure 4C). Overall, these results indicated a significantly higher proportion of γδ Treg cells and a novel Foxp3+ Vδ2 subset expressing PD-1 in patients with AML.




Figure 4 | Correlation and OS analysis of PD-1 and Foxp3 in γδ T cells from de novo AML patients. (A) Correlation of the frequency of the Foxp3+, PD-1+, and PD-1+ Foxp3+ γδ T subsets between de novo AML patients and HIs. (B) The expression levels of the FOXP3 and PD-1 genes in γδ T cells from de novo AML patients compared to HIs. (C) Correlation analysis of the FOXP3 and PD-1 genes. (D–F) Correlation of the OS of de novo AML patients stratified by high and low Foxp3+ γδ T subsets, high and low PD-1+ γδ T subsets and high and low PD-1+ Foxp3+ γδ T subsets. (D) Foxp3+ high vs. Foxp3+ low, 24-month OS: 36% vs. 50% P = 0.883. (E) PD-1+high vs. PD-1+low, 24-month OS: 30% vs. 53% P = 0.179. (F) PD-1+ Foxp3+high vs. PD-1+ Foxp3+low, 24-month OS: 20% vs. 64% P = 0.034.





Relevance of PD-1+Foxp3+ γδ T cells in AML clinical outcome

Despite the increased insight into the phenotype of γδ T cells, whether this phenotype correlates with clinical outcome remains poorly understood. It is unclear whether the increase in the novel PD-1+Foxp3+ γδ T cell subset affects AML clinical outcome. Therefore, we assessed the clinical outcomes of the 21 AML patients including one patient who refused therapy and voluntarily left the hospital. We further analyzed the association among AML outcome, OS, and proportions of the Foxp3+ population, PD-1+ population, and PD-1+Foxp3+ population in the γδ T cell subset. We divided the patients into high and low groups based on the median frequency of the γδ T cell subset. There was no significant difference in the Foxp3+ γδ and PD-1+ γδ T cell groups (Foxp3+high vs. Foxp3+low 24-month OS: 36% vs. 50% P = 0.883; PD-1+high vs. PD-1+low 24-month OS: 30% vs. 53%, P = 0.179) (Figures 4D, E). Strikingly, AML patients with a high level of PD-1+Foxp3+ γδ T cells were found to have poor OS (PD-1+Foxp3+high vs. PD-1+Foxp3+low, 24-month OS 20% vs. 64%, P = 0.034), suggesting that the high proportion of the PD-1+Foxp3+ γδ T subset was associated with poor clinical outcome (Figure 4F).




Discussion

Although γδ T cells represent only a minor fraction of T cells in PB, the potent antitumor cytotoxic activity of these cells is crucial for establishing and initiating immune responses (40, 41). Several clinical trials involving γδ T cell-based immunotherapies have demonstrated promising effects in solid tumors and hematological malignancies (42, 43). However, the clinical benefits appear to be mild to moderate at best. γδ T cells might have dual effects, and researchers have turned their attention away from the well-known immune effector role of γδ T cells and toward the newfound immunosuppressive regulatory role. Increasing data have demonstrated the heterogeneity of γδ T cells; however, little is known about the distribution of γδ T cells and their subsets in AML patients. Our previous study found the altered expression pattern and clonality of the γδ T cell receptor repertoire and identified that some clonally expanded γδ T cell clones might be related to the immune response and clinical outcome of AML patients (44, 45). Our previous study described the prognostic value of immune checkpoint inhibitors for AML patients by analyzing RNA-seq from the TCGA database and further validated results indicated that high expression of PD-1, PD-L1, and PD-L2 in the BM leukemia cells of AML patients correlated with poor outcomes (34). To the best of our knowledge, we first explored the association between the expression levels of the PD-1 and FOXP3 genes and the OS in the BM leukemia cells AML patients based on the TCGA database and described the expression pattern correlated with the poor OS. Besides, our further study found that PD-1 on CD8+ T cells was generally expressed higher in PB and BM from de novo and relapse-refractory AML patients, while it was partially recovered in complete remission patients (36). These results may be due to a novel change in the expression patterns of ICIs in AML, which suggests that there are different roles of PD-1 on T cells and their subsets. However, the expression profiles and clinical prognosis correlation of PD-1 in γδ T cells and their subsets in AML patients have not been clearly defined.

Because PB was more beneficial to access to observation and evaluation, in this study, we comprehensively compared the proportions of γδ T cells from PB samples, and these data indicate a significantly decreased frequency of total γδ T cells with a higher proportion of the Vδ1+ subset, and there was a lower trend for the Vδ2+ subset in AML patients. It is well known that Vδ2 T cells play a critical role in anti-tumor effects, and the skewed distribution of γδ T cells with a low number of Vδ2+ T cells may be a reason for γδ T cell dysfunction in AML. This abnormal expression pattern was also reported to be associated with poor prognosis in chronic lymphocytic leukemia (46). Our results also demonstrate an increasing trend in the Foxp3+ T cell subsets in the Vδ1 and Vδ2 T cell populations, which might be related to the primary reason for leukemia immunosuppression. Brauneck et al. also reported that BM-infiltrating Vδ1 T cells showed an increased terminally differentiated cell population in AML in comparison to healthy donors with an aberrant subpopulation of CD27−CD45RA+ cells (47). Our previous study revealed that the co-inhibitory TIGIT axis may be involved in the regulation of Foxp3+ γδ Treg cells and indicate the clinical progression and prognosis of AML patients with different clinical statuses (48, 49). Thus, it would be worth further characterizing other inhibitory phenotypes of the γδ T cell subsets in newly diagnosed AML, which may be an advantage of receiving immunotherapy. Besides, it is important to compare the frequency of γδ T cells between PB and BM in AML patients in our further study.

Previously, we reported an increase in the PD-1 expression frequency in αβ+ T cells in AML patients, and the prognosis of these patients was significantly worse (50). However, the expression profiles and clinical prognosis correlation of PD-1 in γδ T cells and their subsets in AML patients have not been clearly defined. However, litter is known about the expression patterns of PD-1 and Foxp3 and whether there are immunosuppressive regulatory subgroups γδ T cells in patients with AML. Hence, we further sought to investigate the proportion of PD-1 on γδ Treg cells. A significantly higher proportion of γδ Treg cells and a novel Foxp3+ Vδ2 subset expressing PD-1 were observed. Recent research has also reported that Vδ2 γδ T cells exhibit the exhausted state via PD-1 upregulation at diagnosis in AML patients (51). Most importantly, the expression proportions of the PD1+ γδ T cell and γδ Treg subgroups were positively correlated with the PD1+ γδ Treg subgroup. Interestingly, the correlation and pattern of PD-1 and FOXP3 from the TCGA database were again confirmed and existed in the γδ T cells from AML PB samples. We found that a higher co-expression level of PD-1 and FOXP3 was associated with poor AML clinical outcomes. This result may be supported by the findings of Dyck et al. who found a positive correlation between high PD-1 expression and increased tumor-infiltrating Tregs, and blocking PD-1 could effectively enhance anti-tumor immunity (52). There were also similar results from Ahearne et al. who reported that infiltration by both the Foxp3+CD4+ and PD-1+CD4+ T cell subsets was correlated with the prognosis of patients with diffuse large B-cell lymphoma (53), and Suresh et al., who found that PD-1+ and Foxp3+ T cell reduction might correlate with survival and serve as a predictive biomarker for hepatocellular carcinoma patients undergoing sorafenib therapy (54). In addition, further studies should elucidate the complex mechanisms of the PD-1 axis in suppressing γδ T cell function in the tumor microenvironment.

Taken together, in addition to the previously reported increase in ICIs in αβ+ T cells and higher T cell exhaustion status in AML patients, we further speculate that the high frequency of the PD-1+Foxp3+ γδ T subset is associated with poor clinical outcomes, which could reinforce evidence of a link between PD-1 and Foxp3 in γδ T cells. These results support the idea that there is a diverse and functional heterogeneity of γδ T cells, and the combined application of PD-1 and Foxp3 in novel targeted therapies may improve AML patient survival. This finding may partially explain how γδ T cells may be polarized from anti-leukemia to protumor cells, which appears to be the likely reason for mild efficacy in response to leukemia cells.



Conclusion

We characterized the skewed distribution of γδ T cells with an inversion in the proportion of the Vδ1/Vδ2 T cell subset in AML patients, and we found a significant increase in the PD-1+Foxp3+ γδ T cell subset in AML, which was associated with poor clinical outcome (Figure 5). Our study facilitates a better understanding of the interaction of γδ T cells in AML patients and provides predictive value for the study of AML patients. However, more in vivo experiments are required to elucidate the function of the novel PD-1+Foxp3+ γδ T cell subset and investigate whether it could serve as a target for immunotherapy.




Figure 5 | Overview of alterations in γδ T cell subsets in patients with AML.
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