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Abstract

:

Phenotypic characterization of γδ T cells in the MALs (malignant ascites lymphocytes), TILs (tumor infiltrating lymphocytes), and PBLs (peripheral blood lymphocytes) of ovarian cancer (OvCA) patients is lacking. Therefore, we quantified γδ T cell prevalence in MAL, TIL, and PBL specimens from n = 18 OvCA patients and PBL from age-matched healthy donors (HD, n = 14). Multicolor flow cytometry was performed to evaluate the expression of inhibitory receptors (TIGIT, PD-1 and TIM-3), stimulatory receptors (Ox40), and purinergic ectoenzymes (CD39 and CD73) on γδ T cell subsets. We identified an abundant infiltration of Vδ1 T cells in the MALs and TILs. These cells varied in their differentiation: The majority of Vδ1 TILs displayed an effector memory (EM) phenotype, whereas Vδ1 MALs had a more mature phenotype of terminally differentiated effector memory cells (TEMRA) with high CD45RA expression. TIGIT and TIM-3 were abundantly expressed in both MALs and PBLs, whereas Vδ1 TILs exhibited the highest levels of PD-1, CD39, and Ox40. We also observed specific clusters on mature differentiation stages for the analyzed molecules. Regarding co-expression, Vδ1 TILs showed the highest levels of cells co-expressing TIGIT with PD-1 or CD39 compared to MALs and PBLs. In conclusion, the Vδ1 T cell population showed a high prevalence in the MALs and primary tumors of OvCA patients. Due to their (co-)expression of targetable immune receptors, in particular TIGIT with PD-1 and CD39 in TILs, Vδ1 T cell-based approaches combined with the inhibition of these targets might represent a promising strategy for OvCA.
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1. Introduction


According to the SEER data base, ovarian cancer (OvCA) ranks fifth in cancer deaths among women with a rate of new cases of 10.9 per 100,000 and a death rate of 6.5 per 100,000. Due to the asymptomatic course of disease, most OvCA cases are diagnosed in an advanced stage [1,2]. In spite of multi-modal therapy (surgery and chemotherapy), the majority of patients succumb to their disease and the 5-year survival rate is below 45% [3].



γδ T cells interact via their T cell receptors (TCR), but also non-major histocompatibility complex (MHC)—restricted by the expression of natural killer cell receptors (NKRs) [4]. NKRs bind to surface proteins associated with disease or stress conditions on (malignant) cells [5]. These features make them independent of immune evasion mechanisms including downregulation of MHC presentation and of mutated epitopes [6,7,8]. Furthermore, their contribution to anti-tumor immune responses is explained by unique characteristics including migration to peripheral tissues rather than lymphoid organs, antigen-specificity, high clonal frequencies, and cytokine-dependent differentiation status that allows for rapid responses [9,10,11]. Although initial clinical trials are already testing γδ T cell-based chimeric antigen receptor T cells (CAR-T cells) or bispecific T cell engagers (BiTEs) [6], the expression of co-inhibitory targets on γδ T cells has been barely explored to this day. This knowledge may shed light onto their state of activation and exhaustion. Additionally, identification of checkpoint molecules may identify targets restoring γδ T cell-mediated cytotoxicity.



γδ T cells are subclassified based on their carried Vδ chain. Vδ2+ and Vγ9+ T cells constitute the majority (50–95%) of γδ T cells circulating in the blood [11]. In contrast, Vδ1-expressing T cells are most abundant in peripheral tissues, including infiltration of solid tumors [11,12].



Functionally, it has been demonstrated that both γδ populations can exert cytotoxic effector capacities by their TCR and natural killer group 2D (NKG2D) receptor signaling, resulting in secretion of interferon (IFN)-γ, tumor necrosis factor (TNF)-α, perforin, or granzymes [12,13,14].



On the other hand, immunosuppressive or tumor-promoting capabilities have also been described for γδ T cells, especially via secretion of IL-17 [15]. Furthermore, recruitment of immunosuppressive myeloid-derived suppressor cells (MDSCs) has been shown, mediated via secretion of IL-8, TNF, and granulocyte–macrophage colony-stimulating factor (GM-CSF) [16].



Assuming their biological relevance in human cancer, we phenotyped γδ T cells in OvCA, analyzing the lymphocytes of the peripheral blood (PBLs), malignant ascites (MALs), and tumor tissue (TILs) of patients with newly diagnosed OvCA. This study is focused on the expression of co-regulatory receptors such as the novel receptor T cell Ig and ITIM domain (TIGIT), programmed cell death protein-1 (PD-1), and the T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3) on γδ T cells, which are important regulators of inflammatory responses by inhibiting CD3+ T cell effector activity [17,18,19]. Expression of these receptors has been shown to be negatively associated with cytokine production and/or proliferation of CD8+ and CD4+ T cells [20]. Furthermore, co-expression of multiple co-inhibitory receptors in TILs was identified as a characteristic of dysfunctional “exhausted” CD8+ TILs in different tumor entities [20,21]. Combined blockade of TIGIT or TIM-3 together with PD-1 additionally increased proliferation, cytokine production, and degranulation of CD8+ T cells [20]. In addition, we investigated Ox40 (also known as tumor necrosis factor receptors superfamily, member 40), which is mainly expressed by activated CD3+ T cells, thus regulating CD3+ T cell division, differentiation, and survival [22].



Another mechanism in the tumor environment leading to exhausted T cells is the increased production of adenosine via sequential hydrolysis of adenosine-triphosphate (ATP) by the ectonucleoside triphosphate diphosphohydrolase-1 (CD39) and the ecto-5’-nucleotidase (CD73) [23,24,25]. It has been shown that CD39 is especially expressed by CD8+ TILs and thereby defined exhaustion in these cells [23]. In contrast, CD73 is rather expressed by naïve CD8+ T cells and tumor cells [26,27]. Furthermore, increased anti-tumor immunity including cytotoxic T cell function was achieved by targeting the adenosine-generating enzymes CD39 and CD73 [28].



In conclusion, since all these molecules have an important role in the regulation of αβ T cells, it is very likely that they also have an important influence on the function of γδ T cells. By characterizing γδ T cells in OvCA in this study, we aimed to identify new suitable targets to increase the cytotoxic potential of these novel effector cells for ovarian cancer patients.




2. Materials and Methods


2.1. Patient Cohorts


PBLs, MALs, and TILs were collected from patients (n = 17, n = 18, and n = 9, respectively) with newly diagnosed high-grade serous ovarian cancer before the start of treatment. From nine patients, we obtained matched samples (PBLs and MALs), whereas from nine patients we collected triple matched samples (PBLs, MALs, and TILs). Due to low cell vitality, one PBL sample was excluded from the analysis. Moreover, we collected PBL specimens from healthy age-matched female donors (HDs, n = 14). The study was conducted in accordance with the provisions of the Declaration of Helsinki and was approved by the Ethics Committee of the Ärztekammer Hamburg (PV6012, date of approval: 4 June 2019 and PV6012-4312_1-BO-ff, date of approval: 10 December 2021). The median age of the OvCA patient cohort was 61 years (range 32–86), and the median age of the healthy donors was 59 years (range 26–64) (Table S1). For detailed clinical data (e.g., FIGO stage, TNM status) of patients included in this study, see Table S2.




2.2. Preparation and Isolation of Peripheral Blood-, Malignant Ascites- and Tumor-Derived Mononuclear Cells


Mononuclear cells were isolated from the peripheral blood as previously described [29].



Malignant ascites was first centrifuged at 300× g for 5 min and resuspended in self prepared ACK lysing buffer (Ammonium-Chloride-Potassium Lysing Buffer, Thermo Fisher, Waltham, MA, USA). After a second centrifugation at 300× g, the cell pellets were washed with phosphate-buffered saline (PBS, Thermo Fisher), counted, and cryopreserved for FACS staining.



TILs were isolated from tumor tissue using a mix of Collagenases A, B, and D (Roche, Basel, Switzerland) and DNAse I (Thermo Fisher). In a 2 mL reaction tube, the digestion mix was added to finely minced tissue fragments and incubated for 1 h on a rotor at 37 °C. Afterwards, the digested tissue was slowly passed through a 40 µm filter and periodically rinsed with Hanks’ Balanced Salt Solution (HBSS, Thermo Fisher). The retrieved cell suspension was washed and centrifugated at 300× g for 5 min at 4 °C. ACK lysing buffer was added and incubated for 5 min at room temperature (RT). After washing the cells with PBS, they were counted and cryopreserved.




2.3. Multiparameter Flow Cytometry


Peripheral blood- (PB) and malignant ascites- (MA) derived mononuclear cells as well as TILs from patients with high-grade serous ovarian cancer and PB mononuclear cells from HDs were stained for multiparametric flow cytometry as previously described [29]. After FCR blocking (FcR blocking reagent, human, Miltenyi Biotec, Bergisch Gladbach, Germany), the cells were stained with the LIVE/DEADTM Fixable Near-IR dye (Thermo Fisher, Waltham, MA, USA) for exclusion of dead cells. Afterwards, surface staining was conducted with appropriate fluorochrome coupled surface antibodies (Supplementary Table S3, obtained from BioLegend, San Diego, CA, USA, or BD Biosciences, Franklin Lakes, NJ, USA). Subsequently, samples were fixed with 0.5% paraformaldehyde (Sigma Aldrich, St. Louis, MO, USA). All samples were read in on a BD FACSymphony A3 with FACS Diva version 8 (BD Biosciences).




2.4. T-Distributed Stochastic Neighbor Embedding Analyses


A subset of 3000 γδ TCR+ cells was randomly selected for single donors and merged into an individual expression matrix. As previously described [29], the following channels of our panel were excluded from the matrix to only include protein expression data of the molecules of interest in our tSNE analysis: viability, CD19, CD56, EpCAM, offset, residual, and time. Finally, 12,000 cells and 14 markers per tSNE group were used to create tSNE maps of the PB-, MA-, and TIL-derived γδ T cells. A perplexity parameter of 30 and iteration number of 550 was applied for the dimensionality reduction algorithm. The generated matrix consists of two columns corresponding to tSNE dimension 1 and dimension 2.




2.5. Statistical Analyses


FlowJo version 10.5.2. software (Treestar, Ashland, OR, USA) and Prism 7.0 software (GraphPad Software, San Diego, CA, USA) were used to analyze the data. Since our dataset was non-normally distributed, statistical analyses were performed by the Mann–Whitney test for two unpaired groups, or the Wilcoxon test for two paired groups. For bivariate correlation analysis, Pearson’s correlation and Spearman’s rank correlation coefficient were applied. Frequencies in the text were indicated as medians unless stated otherwise in the figure legend. p-values below 0.05 were considered significant, where *, **, ***, and **** indicate p-values between 0.01–0.05, 0.001–0.01, 0.0001–0.001, and <0.0001, respectively.





3. Results


3.1. γδ T Cells with a Vδ1 Chain Are Abundant in MALs and TILs


To investigate T cell subsets in three different tumor-related compartments, we compared the frequency of γδ T cells, and the ratio of Vδ1 and Vδ2 T cells in PBLs, MALs, and TILs from patients with OvCA. In addition, PBLs were compared between patients with OvCA and age-matched HDs. For gating strategy, see Figure S1A and Figure 1A. The percentage of total γδ T cells within CD3+ T lymphocytes was significantly higher in PBLs and MALs from OvCA patients than in PBLs of HDs (p = 0.017, p = 0.005; Figure 1A,B). Some of the patients showed exceedingly high frequencies of up to 30% γδ T cells. The percentage of γδ T cells was positively correlated in OvCA patients in both PBLs with MALs as well as PBLs with TILs (r = 0.80 with p = 0.0002; and r = 0.73 with p = 0.03, respectively). No difference in percentages of γδ T cells was found between TILs and PBLs of HDs.



As illustrated in the t-distributed stochastic neighbor embedding (tSNE) analyses (Figure 1C), within the γδ T cell population, PBLs from OvCA patients and HDs displayed a similar ratio of Vδ1 and Vδ2 T cells, dominated by the Vδ2 T cell population. In contrast, the percentage of Vδ1 was markedly higher among MALs and TILs than PBLs (p = 0.0001, p = 0.078; Figure 1C,D). However, in the MALs two and in the TILs one sample were observed in which over 90% of all γδ T cells were neither Vδ1+ nor Vδ2+. Therefore, these samples were excluded from further analyses in which Vδ1 and Vδ2 subtypes were specifically characterized. As the homogeneity of the Vδ1−Vδ2− cells was unclear, this subpopulation was not further analyzed.



Taken together, the inversed ratio of Vδ1 and Vδ2 cells in MALs and TILs compared to the PBLs suggests an increased migration of Vδ1 γδ T cells into the tumors directly, as well as into tissue in proximity to it.




3.2. Phenotypic Differentiation of γδ T Cells Exhibits Inter-Site Heterogeneity


We next assessed γδ T cell subtypes in distinct tumor-related compartments (TILs, MALs and PBLs). Vδ1 and Vδ2 T cells were separated into four different subpopulations based on the expression of CD27 and CD45RA. CD27+CD45RA+ = naïve (NA), CD27+CD45RA− = central memory (CM), CD27−CD45RA− = effector memory (EM), and CD27−CD45RA+ = terminally differentiated effector memory cells (TEMRA). In addition, we analyzed the frequency of a subset of TEMRA cells, the TEMRA CD45RAhigh population (refer to Figure 2D for gating strategy). Functionally, TEMRA CD45RAhigh cells are considered the most differentiated subset of human γδ T cells and have previously been described as dysfunctional with limited proliferation capacity [30]. For gating strategy, see Figure S1B.



Comparing HD PBLs with those of OvCA patients, Vδ1 γδ T cells showed a reduced fraction of NA cells (p = 0.009, Figure S3), whereas the TEMRA cells were increased among the Vδ1 PBLs of OvCA patients (p = 0.019; Figure S3). Interestingly, this maturation shift did not occur in the circulating Vδ2 PBLs of OvCA patients. Also, MAL- and TIL-derived Vδ1 cells of the patients showed higher levels of TEMRAs compared to their respective Vδ2 populations, but without reaching significance (Figure S3).



We further examined the CD45RA status (CD45RAhigh vs. low) within the TEMRAs of Vδ1 and Vδ2 cells. Differentiation into the TEMRA CD45RAhigh phenotype was positively correlated with the prevalence of Vδ1 T cells in the PBLs and MALs (Figure 2A), but not in TILs from OvCA patients. In addition, this subset of TEMRA CD45RAhigh cells was significantly increased in the Vδ1 PBLs from OvCA patients (but not within the Vδ2 subset) in comparison to Vδ1 PBLs of HDs (p = 0.009; Figure 2B). We also observed an increased fraction of these cells within the Vδ1 MALs and TILs, although this terminal differentiation status was less prominent in TILs in comparison to PBLs and MALs (Figure 2B). Instead, while the EM fraction was relatively low within the Vδ1 PBLs and MALs, their proportion was significantly higher in the TILs (Figure 2C). Furthermore, the differentiation into the EM CD27−CD45RA− phenotype was positively correlated with infiltration of Vδ1 T cells in the TILs of OvCA patients (Figure 2A). In summary, the increased frequency of Vδ1 cells in OvCA had a variable phenotype depending on the different tissues.




3.3. Expression of Multiple Co-Regulatory Receptors by γδ T Cells Increases with Tumor Proximity


It has previously been shown that immune-exhaustion markers were highly expressed in tumor-infiltrating CD8+ T cells, representing a status of exhaustion with reduced production of effector cytokines and loss of the ability to eliminate cancer [31]. We therefore investigated the γδ T cell phenotype in greater detail in the different tissues. We compared the expression levels of co-regulatory receptors (CRRs), such as TIGIT, PD-1, TIM-3, Ox40, and the ectoenzymes CD39 and CD73 on all γδ, Vδ1, and Vδ2 T cells in PBLs, MALs, and TILs from OvCA patients and PBLs from HDs, respectively. The gating strategy can be assessed in Figures S1 and S2.



Summary data in Figure S4 show the distribution of CRRs in all γδ T cells. Here, TIGIT, PD-1, CD39, and Ox40 emerged as molecules of interest. TIGIT and PD-1 exhibited higher frequencies in all OvCA tissues (PBLs, MALs and TILs) in comparison to PBLs of HDs, whilst CD39 and Ox40 were detected exclusively in γδ TILs at an increased rate.



Hence, we further compared the CRR+ Vδ1 frequencies in HD PBLs with that in PBLs, MALs, and TILs of OvCA patients (Figure 3). We observed an increased proportion of TIGIT+, TIM-3+, and Ox40+ Vδ1 T cells in PBLs from OvCA patients compared to HD PBLs (p = 0.0004, p = 0.072, p = 0.010, respectively; Figure 3A). TIGIT+ and TIM-3+ cells were also more frequently expressed by Vδ1 in MALs than in PBLs of HDs (p = 0.0009, p = 0.038; Figure 3A). Finally, the TILs displayed an increased frequency of PD-1+, CD39+, and Ox40+ Vδ1 T cells in comparison to PBLs from HDs (p = 0.0064, p = 0.0004, p = 0.041, respectively; Figure 3A). The frequency of CD73+ Vδ1 T cells was reduced in each tissue of the OvCA patients in comparison to the HD PBLs (Figure 3A). The same CCR cluster occurred in the t-distributed stochastic neighbor embedding (tSNE) analyses (Figure 3B).



The comparison between the distribution of the CRRs expressed by Vδ1 vs. Vδ2 T cells within the particular OvCA compartments revealed that all of the analyzed checkpoints were preferentially expressed by Vδ1 and not Vδ2 γδ cells in PBLs, MALs, and TILs (Figure 3A and Figure S5).



Taken together, Vδ1 TILs displayed a characteristic proportion of PD-1+ and CD39+ cells, while TIGIT and TIM-3 showed the most dominant expression on Vδ1 PBLs and MALs from OvCA patients. These results indicate that the expression of TIGIT, PD-1, TIM-3, and CD39 on Vδ1 cells is dependent on interactions with the tumor microenvironment and differs between PBLs, MALs, and TILs in OvCA patients.




3.4. Vδ1 T Cells with Expression of TIGIT, PD-1 or CD39 Contained Subsets with More Differentiated Phenotypes


To better understand the differentiation of cells expressing co-regulatory molecules, we re-phenotyped the Vδ1 subsets with a positive expression of TIGIT, PD-1, and CD39 in regard to their maturation status.



Within PBLs and MALs from OvCA patients, expression of TIGIT was a specific feature of TEMRA cells, in particular of the TEMRA CD45RAhigh Vδ1 cells (TIGIT+ TEMRA CD45RAhigh vs. TIGIT+ non TEMRA CD45RAhigh cells (defined as “other” = NA, CM, EM, and TEMRA CD45RAlow/int Vδ1 T cells): p < 0.0001 and p < 0.0001, respectively; Figure 4A,B).



Here, the detected expression of TIGIT reached extraordinarily high levels of up to 100%. Conversely, PD-1+ Vδ1 cells displayed a less mature phenotype. These cells were mainly contained in the CM cells of the PBLs, MALs, and the majority among the TILs (p = 0.008; Figure 4A,B). Meanwhile, CD39+ Vδ1 T cells were primarily observed within EM TILs, although this difference was not significant (p = 0.148; Figure 4A,B). For TIM-3 and Ox40, no clear clustering was asserted at specific maturation stages (Figures S6 and S7). CD73 was mainly expressed on NA cells (Figure S7). Additional CRR expression data on the analyzed differentiation stages for Vδ1 and, moreover, Vδ2 T cells is shown in Figures S7 and S8, respectively. For further visualization, the localization of the CCR+ cells is depicted within the four differentiation stages of Vδ1 T cells (Figure 4B).



To summarize, our data showed that the expression of TIGIT, PD-1, and CD39 was generally associated with specific maturation stages of the Vδ1 T cells in OvCA.




3.5. PD-1 and CD39 Are More Frequently Co-Expressed with TIGIT on Vδ1 T Cells Isolated from PBLs, MALs and TILs


Previous results have indicated that co-expression of PD-1 with either TIM-3 or LAG-3 (lymphocyte-activation gene 3) on T cells is associated with immune exhaustion in patients with solid cancers [31]. In this investigation, we showed the expression of these checkpoints on different phenotypic Vδ1 cells in OvCA for the first time. In addition, we found an accumulation of CCR+ cells in both the EM and TEMRA compartment, indicating potential co-expression (Figure 4B). Therefore, we further assessed co-expression of the CCRs in PBLs, MALs, and TILs from OvCA patients and PBLs from HDs.



In the following section, only the significant co-expression patterns observed in this study are discussed (for additional data regarding co-expression, see Figure S9). Since TIGIT expression was the most prevalent compared to other CRRs among Vδ1 cells in OvCA, the comparison of TIGIT+ vs. TIGIT− Vδ1 T cell subsets revealed a significantly increased frequency of PD-1+ cells within the TIGIT+ Vδ1 T cells. This co-expression was observed in the PBLs (p = 0.005), MALs (p = 0.009) and TILs (p = 0.008; Figure 4C,D). The percentage of co-expressing cells increased with tumor proximity (Figure 4C,D). Also, TIM-3 was more frequently expressed by TIGIT+ Vδ1 T cells than by TIGIT− Vδ1 cells from PBLs (p = 0.013), MALs (p = 0.0003), and TILs (p = 0.016; Figure 4C), however, the frequency decreased with tumor proximity (Figure 4C,D). In addition, we observed a similar pattern for CD39, which was co-expressed by TIGIT+ vs. TIGIT− Vδ1 cells (PBL p = 0.065, MAL p = 0.0003, TIL p = 0.008) with the highest frequency of CD39+TIGIT+ Vδ1 T cells found in the TILs (Figure 4C,D). Interestingly, no co-expression with the costimulatory receptor Ox40 was found in these Vδ1 subsets.



Overall, there was a high inter-patient variability in the distributions of the double-positive cells. However, the mean frequencies of double-positive cells showed a characteristic increase of PD-1+ or CD39+ Vδ1 T cells co-expressing TIGIT from PBL to MAL to TIL.





4. Discussion


Our study provides a phenotypic characterization of matched PB-, MA-, and tumor-derived γδ T cells in OvCA patients. We observed an increased proportion of Vδ1 T cells in MALs and TILs in OvCA, whereas Vδ2 T cells made up the majority in the PBLs of both OvCA patients and HDs. The Vδ1 cells in MALs showed an increased number of cells carrying a TEMRA phenotype with an aberrant subpopulation of CD27−CD45RAhigh Vδ1 T cells. In contrast, the increased EM differentiation was most prominent in the TILs. In all three tissues from patients with OvCA, there appeared an increased frequency of co-regulatory receptor (CRR)+ cells in the Vδ1 population. However, there were clear site-dependent differences in the expression of individual CRRs on the Vδ1 cells from OvCA patients. PBLs exhibited an increased frequency of TIGIT+, TIM-3+, and Ox40+ T cells. MALs only showed an increased frequency of TIGIT+ and TIM-3+ cells, whereas TILs characteristically had higher frequencies of PD-1+, CD39+, and Ox40+ cells in comparison to Vδ1 cells from HD PBLs. In contrast, all of the γδ T cells exhibited a reduced fraction of CD73+ cells. The upregulated expression of co-inhibitory receptors in Vδ1 T cells in OvCA could be assigned to particular differentiation stages; whereas CD73 was found predominantly in NA cells, PD-1 expression was related to the CMs and the bulk of CD39+ Vδ1 cells were EMs within the TILs. Strikingly, the TEMRA and TEMRA CD27−CD45RAhigh subpopulation showed extraordinarily high frequencies of TIGIT up to 100%. Finally, despite the association between checkpoint expression and differentiation stage, increased co-expression of PD-1, TIM-3, and CD39 with TIGIT was detected in the total of Vδ1 γδ T cells in every tissue site in OvCA, especially EM and TEMRA. These findings altogether imply an increased state of exhaustion in Vδ1 T cells in OvCA.



Regarding γδ cells, in our cohort, throughout different tissues the percentage of γδ T cells was about 3% per total CD3+ T cells. Exceptions to this were a subgroup of PBLs and MALs with proportions of up to 30% γδ T cells. Unfortunately, we did not have matched TIL samples for these patients, so it remains unclear whether the γδ frequencies in the respective TIL population would have been elevated as well. Although we were unable to detect the elevated frequencies for γδ TILs, it is arguable that this might be due to the hitherto low number of samples and that we might find higher frequencies in larger studies. There have not yet been extensive studies about the infiltration of γδ T cells in different OvCA compartments. In line with our data, Foord et al. showed similar distributions of γδ T cells in PBLs, MALs, and TILs in OvCA [32]. Even though according to our findings, the level of γδ TILs did not seem to be generally increased in OvCA TILs compared to PBLs or MALs, tumor tissue enriched in γδ T cells was found to correlate positively with an advanced disease (classified by a higher FIGO stage), larger tumor size, and lymph node metastasis [33].



Concordant with other studies, we found that for MALs and TILs from OvCA patients, the infiltration of tissue-resident Vδ1 T cells was higher than that of Vδ2 T cells in comparison to the Vδ1/Vδ2 distribution within the PBLs from OvCA patients or HDs [33]. This increased Vδ1 infiltration into tumor tissue has recently been shown in multiple solid cancers, including colorectal cancer, melanoma, and non-small cell lung cancer [8,33]. The increased ratio of Vδ1/Vδ2 T cells also seems to have prognostic relevance. Chen et al. found an association of increased Vδ1 infiltration in OvCA tissues with advanced clinical FIGO stage and lymph node metastasis. This indicates a critical role of this γδ population in cancer progression and invasiveness for OvCA [33]. In line with this, Cordova et al. identified increased levels of Vδ2 T cells in melanoma to correlate with an early stage of disease and the absence of metastasis [34]. Additionally, in colorectal cancer patients, the abundance of Vδ2 T cells correlated with a longer 5-year disease free survival rate [35].



To our knowledge, our study is the first phenotypic analysis including a broad panel of immune checkpoint molecules in OvCA. However, there are some observations for other tumor entities analyzing the differentiation status of Vδ1 and Vδ2 T cells. Fisher et al. described Vδ1 T cells in neuroblastoma as less differentiated than Vδ2 T cells, showing higher numbers of CM and NA cells, whereas the EM fraction was decreased [36]. The TEMRA and TEMRA CD27−CD45RAhigh compartment, however, was not analyzed in this study. Concordant with our results, for squamous skin cancer, Presti et al. described both Vδ1 and Vδ2 T cells in TILs as bearing mainly the EM phenotype, whereas in PB from the same patients, the TEMRA phenotype was predominant [37]. Similar to αβ T cells, there seems to be a variability in γδ differentiation depending on the tumor entity, suggesting a variable role of γδ subsets that might induce pro- or antitumoral effects. Our examination of the differentiation status also showed a shift toward a dominant TEMRA fraction in Vδ1 PBLs and MALs, especially of TEMRA CD27−CD45RAhigh cells. This population has not yet found much recognition in phenotypic analyses. It was first described for PBLs by Odaira et al. as a subset with the greatest lack of expansion and proliferation capacity [30]. This indicates a more severe status of exhaustion in these CD45RAhigh -expressing cells in contrast to CD45RAlow/int TEMRA cells. To our knowledge, there is yet no description of the distribution of these cells in different tissues, not to mention in different malignancies. Interestingly, we found mainly the Vδ1 subpopulation to bear the CD27−CD45RAhigh phenotype. In line with this, we recently published data showing a similar pattern of this terminal differentiation in Vδ1 T cells in acute myeloid leukemia (AML) and multiple myeloma (MM) [29].



Regarding the expression of co-inhibitory checkpoint molecules, we found an increased percentage of TIGIT+, PD-1+, and TIM-3+ cells within the Vδ1 cells compared to the Vδ2 cells. This pattern was observed in the majority of patients across all three tissue compartments in OvCA. In contrast, expression of CD39 and CD73 showed similar levels within Vδ1 and Vδ2 cells in OvCA. Additionally, TIGIT+, PD-1+, TIM-3+, CD39+, and Ox40+ cells were more frequent within the Vδ1 subset in tissues from OvCA patients than in HDs. Thus, checkpoint expression on Vδ1 cells exclusively separated OvCA subjects from HDs. Again, we previously found a very similar immunologic signature in bone marrow-derived γδ T cells from patients with AML and MM [29]. In line with our data, a comparable checkpoint signature was also demonstrated in the blood of HIV patients. In a panel of checkpoints, a significantly increased frequency of TIGIT+ and TIM-3+ γδ cells was found in HIV patients compared to controls [38].



There have not yet been other publications comparing the expression of immune checkpoints on OvCA Vδ1 vs. Vδ2 γδ cells or vs. Vδ1 HDs. Among the CRRs analyzed, TIGIT was the most frequently expressed one. Moreover, we observed an association between expression of TIGIT and TEMRA CD45RAhigh Vδ1 cells. This combination might point to a link between terminal differentiation and expression of co-inhibitory receptors, resulting in functional exhaustion. It has been shown that TIGIT negatively regulates cytotoxic effector cell functions and clinical trials are already testing the advantages of TIGIT blockade in different tumor entities [39]. Notably, our study shows that TIGIT+ cells were increased within the PBLs and MALs in OvCA but not within the TILs. This finding was further supported by the different phenotype of γδ populations we observed in the TILs. Instead of CD45RAhigh cells, EM Vδ1 cells represented a dominant γδ population in tumor tissue. These results, however, must be evaluated with caution due to the low number of TIL specimens. Generally, there are a few comparable studies demonstrating an increased proportion of TIGIT+CD8+ T cells within tumor tissue [40].



Our study revealed that PD-1 and CD39 were characteristically expressed by Vδ1 TILs, which displayed the EM phenotype in a high frequency. Mohme et al. showed a similar characteristic elevation of PD-1 and CD39 on CD8+ TILs in glioblastoma [41]. Regarding the functionality of checkpoints in γδ T cells, in primary γδ T cells, PD-1 expression was rapidly induced upon antigenic stimulation, whereby IFN-γ production in responses were lower in PD-1+ than in PD-1− γδ T cells [42,43]. Increased expression of CD39 in combination with CD103 has already been described as a phenotypic signature for tumor antigen-specific CD8+ T cells [24,44], hypothesizing that γδ T cells in the tumor carry a similar immune signature as CD8+ T cells. Hu et al. showed that γδ T cells expressing CD39 had a stronger immunosuppressive activity than regulatory CD4+ or CD8+ T cells acting via the adenosine-induced pathway instead of TGF-β or IL-10 [45]. Our studies also showed an increased expression of TIM-3 on Vδ1 T cells, although the cell frequencies were significantly lower. Consistent with our findings, Xioma et al. also found an increased frequency of TIM-3+ cells within the total γδ T cell population in colorectal carcinoma. Moreover, anti-TIM-3 treatment enhanced the cytotoxicity of Vδ2 T cells in vitro [46]. In addition, in breast cancer, the additional treatment of a TIM-3 inhibitor together with a bispecific T-cell engager directed against CD3 and EpCAM further enhanced the anti-tumor toxicity of γδ T cells [47].



With regard to the increased co-expression of PD-1, TIM-3, and CD39 with TIGIT, we were unable to find comparable analyses. However, there are publications showing co-expression of those markers on CD8+ T cells [23,26,48]. TIGIT+CD8+ TILs co-expressing PD-1 or PD-1+TIM-3+ T cells have been described as highly dysfunctional [49,50,51]. When TIGIT and PD-1 were blocked in combination, this additively increased proliferation, cytokine production, and degranulation of these T cells [49,52].



So far, despite the higher cytotoxicity of Vδ1 cells, Vδ2 cells have been the focus of γδ-based immunotherapeutic strategies due to their better cultivability. Our data show a higher infiltration of Vδ1 cells in tumor tissue, as well as a distinct immune signature on Vδ1 in contrast to Vδ2 cells. Even though our patient number was still small, our analyses clearly showed an increased frequency of TIGIT+, PD-1+, and CD39+ γδ cells in the tissues of OvCA patients. Identifying TIGIT in combination with PD-1 and CD39 as targets of interest for Vδ1 T cells, this raises the question whether inhibition of these receptors by immunomodulatory treatment might reinvigorate cytotoxic Vδ1 T cells in OvCA. Due to their additional interaction possibility by co-regulatory receptors including NKRs, balance between inhibitory and activating receptor signaling could be particularly important for activation of γδ T cells and their immune surveillance potential.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cells11060964/s1, Table S1: Patient characteristics of patients included in the study; Table S2: Clinical characteristics of patients included in the study; Table S3: Antibodies and clones used in the study; Figure S1: Flow cytometry gating strategy to identify (Vδ1 and Vδ2) γδ T cells; Figure S2: Fluorescence minus one (FMO) flow cytometry data to identify positive expression; Figure S3: Differentiation into phenotypes; Figure S4: Expression of co-inhibitory receptors, ectonucleotidases, and activation markers on γδ T cells; Figure S5: Expression of co-inhibitory receptors, ectonucleotidases, and activation markers on Vδ1 and Vδ2 T cells; Figure S6: Expression of co-inhibitory receptors, ectonucleotidases, and activation markers on Vδ1 CD27−CD45RAhigh T cells; Figure S7: Expression of co-inhibitory receptors, ectonucleotidases, and activation markers on Vδ1 differentiation stages; Figure S8: Expression of co-inhibitory receptors, ectonucleotidases, and activation markers on Vδ2 differentiation stages; Figure S9: Co-expression of co-inhibitory receptors, ectonucleotidases, and activation markers on Vδ1 T cells.





Author Contributions


P.W. and F.B. designed the research study, performed the experiments, analyzed the data, and wrote the manuscript. J.W. and W.F. designed the research study and reviewed the manuscript. T.S., S.M., B.S., M.W., L.H. and C.B. reviewed the manuscript. L.O.-F. and Y.D. provided the samples and reviewed the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


F.B. and S.M. were supported by the Mildred Scheel Cancer Career Center HaTriCS4, University Medical Center Hamburg-Eppendorf. F.B. was supported by the Roggenbuck Stiftung. This study was supported by the BMBF (13GW0407).




Institutional Review Board Statement


The study was approved by the local ethics board of the Ärztekammer Hamburg (PV6012, 4 June 2019). Informed written consent was obtained from all patients.




Informed Consent Statement


Informed written consent was obtained from all patients.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding authors on reasonable request (f.brauneck@uke.de).




Acknowledgments


We thank all our patients for their trust, understanding, and willingness to provide their blood, ascites, and tumor tissue samples to our research. We would like to thank Jana Muschhammer and Gabi Vohwinkel for excellent technical assistance.




Conflicts of Interest


F.B.: Travel grant Daiichi Sankyo, Servier, Novartis; advisory board by Jazz. GmbH, Daiichi Sankyo. W.F.: Membership on an entity’s board of directors or advisory: Amgen, ARIAD/Incucyte, Pfizer, Novartis, Jazz Pharmaceuticals, Morphosys, Abbvie, Celgene; patents and royalities: Amgen; other support for meeting attendance: Amgen, Gilead, Jazz Pharmaceuticals, Servier, Daiichi Sankyo; research funding: Amgen, Pfizer. Travel grant, advisory board, and research funding by Amgen Inc.; travel grant and advisory board by TEVA GmbH, the advisory board: Ariad/Incucyte Inc., travel grant by Gilead Inc and Jazz. GmbH, research funding by Pfizer Inc. C.B.: Travel grant: Astra Zeneca, Bayer Healthcare, Berlin Chemie, Bristol Myers Squipp, Jansen Cilag, Merck Serono, Merck Sharp Dohme, Novartis, Roche Pharma, Sanofi Aventis; advisory board: Astra Zeneca, Bayer Healthcare, Berlin Chemie, Bristol Myers Squipp, Jansen Cilag, Merck Serono, Merck Sharp Dohme, Novartis, Roche Pharma, Sanofi Aventis; invited speaker: AOK Germany, med update, Merck Serono; Honoraria: AOK Germany, Astra Zeneca, Bayer Healthcare, Berlin Chemie, GSO Research Organisation, Jansen-Cilag, med update, Merck Serono, Merck Sharp Dohme, Novartis, Roche Pharma, Sanofi Aventis. The sponsors had no role in the design, execution, interpretation, or writing of the study. The remaining authors declare that they have no conflict of interest.




Abbreviations




	AML
	Acute myeloid leukemia



	ATP
	Adenosine-triphosphate



	BiTE
	Bispecific T cell engager



	CAR-T cell
	Chimeric antigen receptor T cell;



	CCR
	Co-regulatory receptor



	CD27
	Tumor necrosis factor receptors superfamily member 7



	CD39
	Ectonucleoside triphosphate diphosphohydrolase-1



	CD45RA
	Protein tyrosine phosphatase, receptor type C



	CD73
	Ecto-5′-nucleotidase



	CD103
	alpha E integrin



	CM
	Central memory



	EM
	Effector memory



	EpCAM
	Epithelial cell adhesion molecule



	FIGO
	International Federation of Gynecology and Obstetrics



	FMO
	Fluorescence minus one



	GM-CSF
	Granulocyte-macrophage colony-stimulating factor



	HBSS
	Hanks’ balanced salt solution



	HD
	Healthy donor



	HIV
	Human Immunodeficiency Virus



	HLA
	Human leukocyte antigen



	IFN-γ
	Interferon-gamma



	IL
	Interleukin



	LAG-3
	Lymphocyte activation gene 3



	MA
	Malignant ascites



	MAL
	Malignant ascites lymphocyte



	MDSC
	Myeloid-derived suppressor cell



	MFC
	Multiparameter flow cytometry



	MFI
	Median fluorescence intensity



	MHC
	Major histocompatibility complex



	MM
	Multiple myeloma



	NA
	Naïve



	NKG2D
	Natural killer group 2D



	NKR
	Natural killer receptor



	OvCA
	Ovarian cancer



	Ox40
	Tumor necrosis factor receptors superfamily member 40



	PB
	Peripheral blood



	PBL
	Peripheral blood lymphocyte



	PBMC
	Peripheral blood mononuclear cell



	PBS
	Phosphate buffered saline



	PD-1
	Programmed cell death-1



	RBC
	Red blood cell



	RT
	Room temperature



	SEER
	Surveillance, Epidemiology, and End Results Program



	TCR
	T cell receptor



	TEMRA
	Terminally differentiated effector memory



	TGF-β
	Transforming growth factor beta;



	TIGIT
	T cell immunoreceptor with Ig and ITIM domains



	TIL
	Tumor-infiltrating lymphocyte



	TIM-3
	T cell immunoglobulin and mucin domain-containing protein 3



	TNF-α
	Tumor necrosis factor alpha



	tSNE
	t-distributed stochastic neighbor embedding
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Figure 1. Enriched infiltration of Vδ1 T cells in malignant ascites- (MAL) and tumor-infiltrating lymphocytes (TIL) of ovarian cancer (OvCA) patients. Flow cytometric analysis regarding the co-expression of γδ TCR and the Vδ1 and Vδ2 receptor on CD3+ T cells was performed for peripheral blood- (PBL, triangles, n = 17), malignant ascites- (MAL, squares, n = 18), and tumor-infiltrating lymphocyte (TIL, diamonds, n = 9) samples from patients with high-grade serous ovarian cancer (OvCA), and PBL from healthy donors (HD, open circles, n = 14). (A) Representative flow cytometry data show the gating of γδ T cells (upper row); Vδ1 and Vδ2 T cells (lower row) for HD PBL (left); and OvCA PBL (second to left), MAL (second to right), and TIL (right) within CD3+ T cells. (B) Summary data depict the frequency of γδ T cells in HD PBL and OvCA PBL, MAL, and TIL. p-values were obtained by the Mann–Whitney test. * p < 0.05, ** p < 0.01. (C) T-distributed stochastic neighbor embedding (tSNE) analysis illustrates the distribution of Vδ1 and Vδ2 T cells within all γδ T cells in PBL from n = 4 HDs (left), and PBL (second to left), MAL (second to right), and TIL (right) from n = 4 OvCA patients, respectively. (D) Summary data show the frequency of Vδ1 (red) and Vδ2 (black) T cell subpopulations. Note that the number of samples for MAL and TIL was decreased to n = 16 and n = 8, respectively, as specimens with near to no Vδ1+ and Vδ2+ cells were excluded from this analysis. p-values were obtained by the Mann–Whitney test and Wilcoxon matched-pairs signed-rank test. * p < 0.05, *** p < 0.001. 
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Figure 2. OvCA-derived Vδ1 T cells show a shift toward increased TEMRA and EM differentiation. γδ T cell differentiation was analyzed in Vδ1 (red) and Vδ2 (black) T cells via expression of CD45RA and CD27 for HD PBL (open circles, n = 14), and OvCA PBL (triangles, n = 17), MAL (squares, n = 16), and TIL (diamonds, n = 8). CD27−CD45RA−: effector memory (EM); CD27−CD45RAhigh: terminally differentiated (TEMRA) with high CD45RA expression. (A) Correlative analysis of the infiltration of Vδ1 T cells and the differentiation into CD27−CD45RAhigh or CD27−CD45RA− phenotypes, respectively, was performed for PBL (upper panel), MAL (middle panel), and TIL (lower panel) of OvCA patients. Pearson’s test was used to test for correlations. (B) Summary data depict the differentiation of Vδ1 vs. Vδ2 T cells into TEMRA CD27−CD45RAhigh cells in HD PBL vs. OvCA PBL (left panel) vs. OvCA PBL vs. MAL vs. TIL (right panel). p-values were obtained by the Mann–Whitney test and Wilcoxon matched-pairs signed-rank test. ** p < 0.01, *** p < 0.001. (C) Summary data show the differentiation of Vδ1 vs. Vδ2 T cells into EM CD27−CD45RA− cells in OvCA PBL vs. MAL vs. TIL. p-values were obtained by the Wilcoxon matched-pairs signed-rank test. * p < 0.05, ** p < 0.01, **** p < 0.0001. (D) Representative flow cytometry data show the differentiation of Vδ1 (upper panels) and Vδ2 (lower panels) T cells in HD PBL (left column), as well as PBL (second to left column), MAL (second to right column), and TIL (right column) from OvCA patients. The red squares indicate the gating of CD27−CD45RAhigh cells. 
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Figure 3. TIGIT, PD-1, CD39, and Ox40 emerge as co-regulatory receptors of interest in OvCA tissues and are preferentially expressed on Vδ1 T cells. The surface expression of TIGIT, PD-1, TIM-3, CD39, CD73, and Ox40 was compared between Vδ1 (red) and Vδ2 (black) T cells in HD PBL (open circles, n = 14), and OvCA PBL (triangles, n = 17), MAL (squares, n = 16), and TIL (diamonds, n = 8). (A) Summary data present the frequency of co-regulatory receptor (CRR)+ cells in Vδ1 and Vδ2 T cells. p-values were obtained by the Mann–Whitney test and Wilcoxon matched-pairs signed-rank test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (B) tSNE analysis illustrates the distribution of CRR+ T cells in the PBL from n = 4 HD (first row), and PBL (second row), MAL (third row) and TIL (fourth row) from n = 4 OvCA patients, respectively. 
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Figure 4. Co-regulatory molecules show specific clustering patterns on mature Vδ1 differentiation stages and are co-expressed in OvCA. The surface expression of TIGIT, PD-1, and CD39 on Vδ1 T cells was compared between differentiation stages based on CD27 and CD45RA expression in OvCA PBL (triangles, n = 17), MAL (squares, n = 16), and TIL (diamonds, n = 8). CD27+CD45RA+: naïve (NA); CD27+CD45RA−: central memory (CM); CD27−CD45RA−: effector memory (EM); CD27−CD45RA+: terminally differentiated effector memory (TEMRA); CD27−CD45RAhigh: TEMRA subpopulation with high CD45RA expression. (A) Summary data show the frequency of CRR+ cells in the respective differentiation stage vs. all other stages taken together. Upper row: TIGIT+ cells in all TEMRA (light blue, left panel) and TEMRAhigh Vδ1 T cells (dark blue, right panel) vs. other (black; for TEMRA: NA, CM, and EM; for TEMRAhigh: NA, CM, EM, and TEMRAlow/int). Lower row: PD-1+ cells in CM (green, left panel) and CD39+ cells in EM Vδ1 T cells (red, right panel) vs. other (black; for CM: NA, EM, and TEMRA; for EM: NA, CM, and TEMRA). p-values were obtained by the Wilcoxon matched-pairs signed-rank test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (B) Representative flow cytometry data illustrate the expression of TIGIT (left column), PD-1 (middle column), and CD39 (right column) in Vδ1 T cells based on the expression of CD27 and CD45RA in OvCA PBL (first row), MAL (second row), and TIL (third row), respectively. (C) Summary data depict the expression of PD-1, TIM-3, and CD39 on TIGIT+ (orange) vs. TIGIT− (black) cells on Vδ1 T cells. p-values were obtained by the Wilcoxon matched-pairs signed-rank test. * p < 0.05, ** p < 0.01, *** p < 0.001. (D) Representative flow cytometry data illustrate the (co-)expression of TIGIT and PD-1 (first row), TIM-3 (second row), and CD39 (third row) in Vδ1 T cells in OvCA PBL (left column), MAL (middle column), and TIL (right column), respectively. 
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