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T cells can be divided into two major subtypes based on which chains that make up the T cell receptor (TCR): the conventional αβ T cells and the less common γδ T cells. γδ T cells are attractive targets of cancer immunotherapy due to e.g. their independence from MHC-restricted activation. Despite the successful implementation of immune checkpoint inhibitors for the treatment of metastatic melanoma, not all patients respond favorably to the treatment. In this study we characterized γδ T cells in peripheral blood from patients with cutaneous and uveal melanoma, and from age-matched healthy controls, with ultrasensitive DNA sequencing (SiMSen-Seq) of the δ-chain and flow cytometry to facilitate the introduction of γδ T cell-based treatment strategies. As a general trend, the Vδ1+ subpopulation was found to be more abundant in patients labeled as responders versus non-responders. Regarding clonal diversity, although a high oligoclonality was found in each individual and within each group, clonal diversity was lower in patients labeled as responders to treatment. Cutaneous melanoma patients had a larger total number of clonotypes compared to the healthy controls, and did also express higher levels of the receptor NKG2D on the surface of Vδ2+ cells. Overall, we could see small differences between cutaneous and uveal melanoma patients and healthy controls in regard to distribution of γδ subpopulations, with high clonal diversities and a mostly private repertoire of the δ receptor among all groups.
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Introduction

Cutaneous melanoma is a commonly occurring skin cancer, most prevalent among fair-skinned populations of European descent (1). In Sweden, melanoma is the fifth most common form of cancer, with incidence rates that have been increasing during the last decades (2). Uveal melanoma is much rarer and constitutes around only 5% of patients with melanoma, though it is the most common intraocular tumor in adults (3, 4). During recent years immune checkpoint inhibition has revolutionized the treatment for patients with cutaneous melanoma, but unfortunately with limited efficacy for patients with uveal melanoma. Therefore, there is a need for an improved understanding of the immunological milieu in patients with the disease.

T cells are one of the most utilized immune cells for immunotherapeutic treatment regimes. They can be divided into two major subtypes based on which protein chains that make up the T cell receptor (TCR): the more abundant αβ T cells, and the less studied γδ T cells. γδ T cells are established to have a non-MHC-restricted activation and can be activated instead by phosphoantigens. They home mainly to peripheral barrier tissues, although they can also be found in peripheral blood at low frequencies, and they have a predominant antitumor effect (5–7). However, in rare events, an inflammatory milieu can polarize γδ T cells into IL-17-producing cells with a protumor effect (6). γδ T cells are attractive targets of cancer immunotherapy due to e.g. their independence from MHC-restricted activation (6, 7). Indeed, studies have shown that they might be efficient targets of immune checkpoint inhibitors in the treatment of melanoma (8–10), highlighting the need for an expanded and deeper characterization of the γδ T cell immune repertoire.

The γδ T cell receptor is encoded by the gamma and delta loci (TRG and TRD, respectively). The TRD locus contains eight variant alleles (TRDV; 5 of them are shared with TCR alpha), whose usage defines the different human γδ T cell subsets, three diversity alleles (TRDD), four joining alleles (TRDJ), and one constant (TRDC) region. Somatic recombination of these TRD alleles, result in the complementary-determining region 3 (CDR3) (11), and when γδ T cells are activated, the somatic recombination in their antigen receptors passes on to the expanded clones. Thus, the immune repertoire can be studied through their CDR3 (11).

As every T cell has a unique CDR3 sequence, immune sequencing calls for an accurate base-calling technique and little to no amplification bias. In addition, γδ T cells in peripheral blood are sparse (6), thus needing a sensitive method, and quantification of the number of cells is key for the study of clonal expansion. The ultrasensitive immune repertoire sequencing approach based on SiMSen-Seq constitutes a good solution to the existing challenges (12). This targeted sequencing method utilizes unique molecular identifiers (UMIs) that are bioinformatically used for creating consensus reads, effectively obtaining close to error-free sequence data, and minimal biases (13).

Here, we have combined the powerful sensitivity of novel SiMSen-Seq technology together with traditional flow cytometric immunophenotyping in an attempt to define the immune repertoire of γδ T cells in patients with cutaneous and uveal melanoma.





Materials and methods




Patients and purification of PBMCs

Peripheral blood samples were obtained from 14 patients with cutaneous melanoma in-transit metastases and 14 patients with uveal melanoma liver metastases. Sampling occurred between 2014 and 2021. At the time of sampling, all patients had not received any systemic treatment for their disease. All patients were scheduled for a locoregional cancer treatment with isolated limb perfusion (ILP) or isolated hepatic perfusion (IHP). Both methods aim to deliver a very high dose of the alkylating chemotherapeutic agent melphalan to either an extremity (ILP) or to the liver (IHP), without causing any systemic side effects. In short, the limb or the liver is surgically isolated and connected to a heart-lung machine and for approximately 1 hour the organ or limb is then perfused with melphalan, after this all chemotherapy is rinsed away and the anatomy is restored.

Three months after the procedure the treatment response was evaluated according to RECIST 1.1 criteria as complete response (CR, defined as disappearance of all lesions), partial response (PR, decrease of more than 30% of total tumor burden), progressive disease (PD, an increase of more than 25% in existing lesions or the appearance of new lesions) or stable disease (SD, where none of the criteria for CR, PR or PD were met) (14). In this study CR and PR were grouped together as responders, while PD and SD were collectively called non-responders.

Peripheral blood samples were also obtained from 13 age-matched healthy controls during 2022. Information about all controls can be found in Supplementary Table 1. Consent was given by all participants, and the study has been approved by the Regional Ethical Review Board in Gothenburg, Sweden (995-16).

Peripheral blood mononuclear cells (PBMCs) from both patients and healthy donors were obtained from BD Vacutainer® CPT™ cell preparation tubes (BD Biosciences, #362782) according to the manufacturer’s protocol. Cells were resuspended and frozen in Recovery™ Cell Culture Freezing Medium (ThermoFisher Scientific, #12648010) followed by cryopreservation in liquid nitrogen until further usage.





Enrichment of γδ T cells and subsequent DNA extraction

γδ T cells were enriched from thawed PBMCs with magnetic cell separation. Enrichment was performed with a TCRγ/δ+ T Cell Isolation Kit (#130-092-892) and LS columns on MidiMACS™ and QuadroMACS™ Separators, all from Miltenyi Biotec and according to the manufacturer’s protocol. DNA from enriched γδ T cells were purified with QIAamp DNA Blood Mini Kit (Qiagen, #51104) and concentrated with Vivacon®500 30kDa centrifugal units (VWR, #518-0002). The concentration of DNA was quantified with Qubit™ 1X dsDNA HS Assay Kit (ThermoFisher Scientific, #Q32851) on a Qubit® 3.0 Fluorometer.





Library construction and sequencing

Primers targeting the T cell receptor delta (TRD) repertoire, previously designed by Johansson et al. (12), were used for library construction. Forward primers targeted downstream all 8 variable (TRDV) genes, while reverse primers targeted downstream all 4 joining (TRDJ) genes, allowing amplification of the CDR3 region.

Triplicates of 20 ng of DNA of enriched γδ T cells were used per patient for library construction, making a total of 60 ng of DNA per patient.

Barcoding of DNA was performed in a reaction containing 0.05 U Platinum™ SuperFi™ DNA Polymerase, 1x SuperFi Buffer (both ThermoFisher Scientific, #12351010), 0.2 nM dNTP Mix (Thermo Fisher Scientific, #R0191), 0.5M L-carnitine inner salt (Sigma-Aldrich, #C0158), 40 nM of each barcode primer (Ultramer™ DNA Oligo standard desalting purified, Integrated DNA Technologies), target DNA, and Ultrapure™ DNase/RNase-Free Distilled Water (Thermo Fisher Scientific, #10977035) until reaching a total volume of 10 μl. The following temperature program was used on a T100 Thermal cycler (Bio-Rad Laboratories): 98 ˚C for 30 sec, 3 cycles of amplification (98 ˚C for 10 sec, 62 ˚C for 6 min, 72 ˚C for 30 sec, ramping rates 4 ˚C/sec), followed by 65 ˚C for 15 minutes and 95 ˚C for 15 min. Before the 15 minutes incubation at 65 ˚C, 20 μl of 45 ng/μl Streptomyces griseus protease (Sigma-Aldrich, #P5147) dissolved into RNase-free TE buffer (pH 8.0, Thermo Fisher Scientific, #AM9858) was added to each reaction to reduce non-specific product formation by degrading and inactivating the DNA polymerase.

Adapter amplification was performed in a second PCR with a total reaction volume of 40 μl, containing 1x Q5® Hot Start High-Fidelity Master Mix (New England BioLabs, #M0494), 400 nM of each Illumina Adapter index primer (desalted, Integrated DNA Technologies), 10 μl of the barcoded and diluted PCR product and Ultrapure™ DNase/RNase-Free Distilled Water (Thermo Fisher Scientific, #10977035). The following temperature program was used on a T100 Thermal cycler: 98 ˚C for 3 min, 28 to 30 cycles of amplification (98 ˚C for 10 sec, 80 ˚C for 1 sec, 72 ˚C for 30 sec, ramping rates 0.2 ˚C/sec).

Automated parallel capillary electrophoresis was used for quality control and quantification of libraries with the HS NGS Fragment kit (Agilent Technologies, #DNF-474) on a Fragment Analyzer, using the PROsize software version 3.0 (Agilent Technologies). All according to the manufacturer instructions. Our library pool was then purified using a 2% agarose, 100-600bp DNA gel cassette (Sage Science, #CEF2010) on a Pippin Prep (Sage Science) with a broad range program from 210 to 400 bp. Final quantification of the purified library pool was performed with NEBNext Library Quant Kit (New England Biolabs, #E7630) according to manufacturer’s instructions, using a CFX384 Touch Real-Time PCR Detection System instrument (Bio-Rad Laboratories).

Paired-end sequencing was performed on a MiniSeq (Illumina), using a mid-output reagent kit (300-cycles) with 10% added PhiX control v3 (Illumina, #FC-420–1004 and #FC-110-3001) and 1.8 pM library.





Sequencing data analysis

Sequencing data were processed for de-multiplexing and error-correction using the molecular identifier guided error correction (MIGEC) software (15), version 1.2.9, with paired-end reads, overlap-max-offset set to 40 for the Checkout routine, and force-overseq set to 2 during assembly. Final output data after filtering out non-functional (ie.: non-coding) clonotypes resulted in so-called productive clonotypes with their respective abundance, which were analyzed using immunarch R programming package, version 0.6.9 (16), and treemap plots were created using treemapify R programming package, version 2.5.5.

All clonotypes with a CDR3 amino acid sequence starting by “CALPI” (CALPI-like clonotypes) were removed from the analysis, as they were an artifact with origin in the TRDJ primers (Supplementary Table 2).





Stimulation of γδ T cells for cytokine measurement

Unstained PBMCs were seeded overnight in RPMI 1640 medium (Sigma-Aldrich, #R7388-500ML) containing 10% heat-inactivated fetal bovine serum (Sigma-Aldrich, #F7524) and 1% penicillin/streptomycin (Cytiva, #SV30010). PBMCs were counted and seeded at a concentration of 1·106 cells/ml in round-bottomed 96-wells plates in complete medium with 25 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, #P1585-1MG), 1 μg/ml ionomycin calcium salt (Sigma-Aldrich, #I0634-1MG) and 1 μl/ml BD GolgiPlug™ containing brefeldin A (BD Biosciences, #555029), 0.2 ml/well. They were incubated at 37°C with 5% CO2 for 4 hours, followed by staining with viability dye and antibodies for flow cytometry analysis.





Flow cytometry

Cells were stained with extracellular antibodies in phosphate buffered saline (PBS) with 0.5% BSA and 0.1% EDTA. Stainings for intracellular antibodies were done in permeabilization buffer following fixation and permeabilization of the cells (Invitrogen™ eBioscience™ Foxp3/Transcription Factor Staining Buffer Set, Fisher Scientific, #11500597). A LIVE/DEAD™ Fixable Far Red Dead Cell Stain Kit (ThermoFisher Scientific, #L34974) was used for viability analyses and added prior to the antibody stainings. A list of all conjugated antibodies can be found in Supplementary Table 3. Gatings strategies are shown in Supplementary Figures 1, 2. Flow cytometry analyses were conducted on a BD LSRFortessa™ instrument (BD Biosciences) running BD FACSDiva Software version 9.0.1 (BD Biosciences). Subsequent data analysis was performed in Kaluza Analysis Software version 2.3 (Beckman Coulter).





Statistics

Statistical analyses for flow cytometry data were performed in GraphPad Prism 10 (GraphPad Software) with all tests being non-parametric and unpaired Mann-Whitney tests. GraphPad Prism 10 were also used for some of the analyses of the sequencing data, wherein non-parametric and unpaired Kruskal-Wallis tests were performed followed by Dunn’s test with correction for multiple comparisons.

The rest of the statistical analysis of the sequencing data was performed with immunarch R program, using Kruskal-Wallis tests and p-value adjusting with Holm method.






Results




Characterization of γδ T cells in melanoma patients and healthy controls

Flow cytometry, as well as sequencing of the TRD gene, were used for basic characterization of γδ T cells from patients with melanoma in-transit metastasis and from age-matched healthy controls, while γδ T cells from uveal melanoma patients with liver metastasis were only subjected to sequencing. Flow cytometry results showed no difference in the percentage of living γδ T cells between patients with cutaneous melanoma and healthy controls (Figure 1A). Surprisingly, both groups presented very low values, given that the samples had been enriched for γδ T cells. Both cutaneous melanoma patients and healthy controls showed similar percentages for Vδ1+ and Vδ2+ T cells by flow cytometry (Figure 1B). Flow cytometry data also showed that cutaneous melanoma patients presented a trend towards a higher percentage of Vδ1-Vδ2- T cells than healthy controls, and for both groups the vast majority of γδ T cells were CD4-CD8- (Figure 1B). Sequencing results showed that gene usage of TRDV had very high variation among individuals, although Vδ1+ and Vδ2+ were the most abundant (Figure 1C; Supplementary Table 4). No statistically significant differences in gene usage were found among groups (control, cutaneous melanoma and uveal melanoma). However, as a general trend, the Vδ1 gene was more abundant in the healthy control individuals, while the Vδ2 gene was more abundant in uveal melanoma patients. For the TRDJ gene usage, the TRDJ1 population comprised the vast majority of γδ T cells in all three groups (Figure 1D, Supplementary Table 4), which was expected given the Vδ2 gene bias for TRDJ1 (11, 12).

[image: Four-part composite figure of scientific data on T cells. (A) Box plot compares gd T cells percentage of CD3⁺ T cells between control and cutaneous melanoma groups, showing no significant difference. (B) Pie charts display T cell subset percentages in healthy controls and cutaneous melanoma, with varying proportions of Vd1, Vd2, CD4⁺, and CD8⁺ subsets. There is no discernible difference between controls and cutaneous melanoma patients. (C) Bar graph illustrates the different TRDV gene usage frequency among healthy control, cutaneous melanoma and uveal melanoma groups. The most used genes are TRDV1 and TRDV2. (D) Another bar graph shows TRDJ gene usage frequency in the same groups.]
Figure 1 | γδ T cell subsets and gene usage analysis. γδ T cells from cutaneous melanoma patients and healthy controls were characterized by flow cytometry. (A) The percentage of total γδ T cells among all living CD3+ T cells in peripheral blood and (B) the distribution of Vδ1, Vδ2, CD4 and CD8 among those γδ T cells (nCM=9, nCtrl=9, unpaired Mann-Whitney test, ns, not significant). (C) The frequency of V-genes and (D) J-genes used by all the clonotypes of a group, weighed by the abundance of said clonotypes. Ctrl, Control; CM, Cutaneous melanoma; UM, Uveal melanoma.





γδ T cell diversity and clonality distribution in melanoma patients and healthy controls

The TRD gene of γδ T cells of cutaneous melanoma, uveal melanoma patients, and of healthy controls, was sequenced and its clonality analyzed. Sample diversity was estimated using clonotypes per total TRD molecules ratio. It is notable that fewer productive TRD molecules were detected in samples from cutaneous melanoma patients than in uveal melanoma and healthy control samples (Figure 2A; 11874, 23767 and 46914 total TRD molecules detected, respectively), despite using the same amount of DNA. The number of clonotypes per total number of productive TRD molecules detected in each group were compared, and it was found that the ratio was significantly lower for the control group than for cutaneous melanoma patients (Figure 2B), suggesting a higher diversity in cutaneous melanoma patients. Further investigation of cutaneous melanoma patient sample diversity revealed a significant difference in clonotype to TRD molecules ratio between healthy controls and non-responders (Figure 2C), indicating that patients who do not respond to the treatment have a highly diverse TRD repertoire.

[image: Six charts with sequencing data analysis from gd T cells. Chart A shows total TRD molecule count for the three standard groups as a bar graph. Chart B and C are box plots that display the ratio between clonotypes and TRD molecules by group and by response in cutaneous melanoma patients, respectively.  Chart B shows a higher ratio for the cutaneous melanoma group, while for chart C the higher ratio belongs to the non-responders group, both compared with the control. Chart D shows top clonal proportions within groups. Chart E and F detail the frequency of Vd1, Vd2 and other clones per total number of cells, compared between groups, and between responders and non-responders, respectively. Chart E shows a significantly higher frequency in other clones from cutaneous melanoma compared with uveal melanoma.]
Figure 2 | γδ T cell diversity and clonality distribution. Sequencing data of γδ T cells was used to analyze their between and in-group diversity and clonality distribution. (A) Sum of productive TRD molecules in each group. Number of clonotypes per total productive TRD molecules ratio, (B) compared by groups and (C) compared by clinical response (nCtrl=13, nCM=14, nUM=14, nResponders=7, nNon-responders=7, unpaired Kruskal-Wallis test followed by Dunn’s multiple comparisons test, **P<0.01, *P<0.05, ns, not significant). (D) Percentage of total repertoire space occupied by the 1000 most abundant clonotypes in order of proportion (top 10, 11th to 100th, and 101st to 1000th most abundant clonotypes), compared by groups. (E) Relative abundance of clonotypes by TRDV gene usage per group (nCtrl=13, nCM=14, nUM=14, unpaired Kruskal-Wallis test followed by Dunn’s multiple comparisons test, *P<0.05, ns, not significant). (F) Relative abundance of clonotypes sorted by responders or non-responders in pooled melanoma samples, control samples excluded (nResponders=13, nNon-responders=15, un-paired Mann-Whitney test followed by Dunn’s multiple comparisons test, ns, not significant). Ctrl, Control; CM, Cutaneous melanoma; UM, Uveal melanoma.

Visualization of clonality distribution showed that the mean occupied repertoire space of the top ten clonotypes in the three groups was >65%, demonstrating a high oligoclonality of samples regardless of groups (Figure 2D). Relative abundance of clonotypes by TRDV gene usage was calculated using the ratio between number of certain TRDV population clones per total number of productive TRD molecules detected per sample. There was a higher relative abundance of non-Vδ1/2 clonotypes for patients with cutaneous melanoma, compared to healthy control individuals and uveal melanoma patients (Figure 2E).

In order to analyze differences in relative abundance of TRDV populations between patients that responded to the treatment (complete or partial response) and non-responders, data from both cutaneous and uveal melanoma patients were analyzed together. Figure 2F shows a trend of higher Vδ1+ relative abundance in responders than in non-responders (non-significant, p = 0.06).





Immune repertoire sequencing of TRD gene in melanoma patients and healthy controls

Sequencing of the TRD gene was performed for repertoire characterization of γδ T cells from blood samples in cutaneous and uveal melanoma patients, as well as age-matched healthy controls. Repertoire diversity of TRD clonotypes showed a similar distribution between groups, with highly oligoclonal individuals (Supplementary Figures 3B–D) but without clear dominating clonotypes within each group (Figure 3, Supplementary Figure 3A). There was, in fact, little repertoire overlap between samples within each group (Figures 3B–D). The majority of samples shared no clonotypes (zero repertoire overlap value), and the maximum overlap values were 3 for cutaneous melanoma patients and healthy controls, and 4 for uveal melanoma patients, meaning that samples showed mostly a private TRD repertoire.

[image: Panel A shows three treemaps, reflecting the clonotypes in the three groups, where no particular clonotype dominates. The clonotypes are color-coded by all the detected combinations of TRDV and TRDJ genes, and the colors belonging to TRDV1 and TRDV2 are more prevalent. Panels B, C, and D display heatmaps for repertoire overlap in cutaneous melanoma samples, control, and uveal melanoma samples, respectively. Overlap values are color-coded, with a scale from zero to four, the vast majority of overlap values being 0.]
Figure 3 | γδ T cell repertoire sequencing. Repertoire of γδ T cells was (A) condensed into treemaps of all clonotypes within each group. Colors show the combination of TRDV and TRDJ genes per clonotype. Also, the repertoire of each sample was tested (B–D) for repetition of its individual clonotypes in other samples of the same group, obtaining a maximum overlap value of 4 clonotypes shared between two uveal melanoma samples.





Functionality of γδ T cells in melanoma patients and in healthy controls

The expression of the extracellular receptors CD16, CD161 and NKG2D on γδ T cells from both the patients with cutaneous melanoma and from healthy controls was analyzed with flow cytometry. NKG2D, CD16 and CD161 are commonly found on natural killer cells and on IL-17-producing T cells (17–19) and were here utilized as an indirect way of measuring potential cytotoxicity. There were no differences in the percentages of CD16+ and CD161+ γδ T cells between patients and healthy controls (Figures 4A, B), but γδ T cells from patients had higher levels of NKG2D (Figure 4C). Further investigation showed that the observed difference in NKG2D was found only on Vδ2+ γδ T cells (Figure 4D).

[image: Box plots showing various expression levels of markers in gd T cells, comparing control and cutaneous melanoma groups. Panel A and B display percentage of CD16⁺ and CD161⁺ T cells, respectively, with no significant difference. Panel C shows NKG2D expression on gd T cells, with a statistically significant higher expression in cutaneous melanoma. Panel D shows NKG2D expression only in the Vd1 and Vd2 populations, with a significantly higher expression in the Vd2+ subset from cutaneous melanoma. Panels E, F, and G exhibit Granzyme B, IFN-g, and IL-17A production in gd T cells after stimulation, with no significant differences. Data points and error bars are included.]
Figure 4 | γδ T cell functionality studies. The extracellular expression of (A) CD16, (B) CD161 and (C, D) NKG2D on peripheral γδ T cells from cutaneous melanoma patients and healthy controls were characterized by flow cytometry. γδ T cells from the same samples were also stimulated with PMA and ionomycin for 4 hours before subsequent flow cytometry analysis of the intracellular expression of (E) granzyme B, (F) IFN-γ and (G) IL-17A. nCM=9, nCtrl=9, unpaired Mann-Whitney test, *P<0.05, ns, not significant. MFI, Median fluorescence intensity; Ctrl, Control; CM, Cutaneous melanoma.

To investigate the functionality of γδ T cells in more detail, PBMCs from cutaneous melanoma patients and healthy controls were stimulated with two compounds commonly used to activate T cells; PMA, a protein kinase C activator, and ionomycin, a Ca2+ ionophore (20, 21). Following stimulation, the secretion of granzyme B, IFN-γ and IL-17A was determined. No differences were found between melanoma patients and healthy controls (Figures 4E–G), and a deeper analysis focused on Vδ1/Vδ2+ γδ T cells neither showed any differences (Supplementary Figures 4A–C).






Discussion

In line with previous studies, analysis of the total level of γδ T cells by flow cytometry showed no difference between patients with cutaneous melanoma and age-matched healthy controls (8, 22–25). We also observed a very similar distribution of the Vδ1+ and Vδ2+ subsets between the melanoma patients and the controls, with none of the subsets being more prevalent than the other. This contrasts with established literature which states that peripheral blood is dominated by the Vδ2+ subpopulation (5, 6, 26). However, there is no clear consensus in literature of the exact ratio of the different γδ T cells subsets in peripheral blood from melanoma patients compared to healthy controls, with reports of no difference in percentages of Vδ1+ and Vδ2+ cells (23), higher Vδ2+/Vδ2- ratio for patients (22), and lower levels of Vδ2+ cells in patients (8, 25, 27).

Interestingly, there seems to be a trend in literature towards a better clinical outcome with longer progression-free survival and less advanced disease for melanoma patients with increased levels of Vδ2+ γδ T cells (22–24). In addition, one study reported a longer overall-survival after treatment with the immune checkpoint inhibitor ipilimumab for melanoma patients with low frequencies of Vδ1+ and high frequencies of Vδ2+ γδ T cells (8).

In this study, sequencing data mainly confirmed the flow cytometry results. The Vδ1 and Vδ2 genes did not significantly differ between patients (both cutaneous and uveal melanoma) and healthy controls (8, 25, 27). Although, the Vδ2 gene did follow a trend of higher abundance in metastatic uveal melanoma patients. It is notable, however, that we also found a reduced number of productive TRD molecules in melanoma patients compared to that found in healthy controls via sequencing. Healthy controls had a two-fold higher amount of TRD molecules compared to the uveal melanoma patient group, which, in turn, had a two-fold higher amount of TRD compared to the cutaneous melanoma patient group. Despite these inconsistencies, after normalization we found two interesting trends, with higher Vδ1 relative gene abundance in healthy controls, as well as in responders compared to non-responders (p = 0.06).

The literature on γδ T cells in uveal melanoma is very sparse. γδ T cells has been detected in enucleated eyes from patients with choroidal melanoma where a higher amount of Vδ1+ cells correlated to a longer survival (28), but to our knowledge this is the first study characterizing γδ T cells in peripheral blood from patients with uveal melanoma.

In general, there was a high clonal diversity for both healthy controls, cutaneous melanoma patients and uveal melanoma patients. Clonality was also very diverse within each separate melanoma patient, which matches previous literature (29, 30) demonstrating that tumor samples show a private immune repertoire, as well as specifically the human adult TRD repertoire being a mostly private one.

No discernible difference was seen between cutaneous melanoma patients and healthy controls regarding expression of the extracellular receptors CD16 and CD161. CD16 is commonly expressed on NK cells and is a receptor which binds to the fragment crystallizable region (Fc region) of IgG antibodies (18). When binding to IgG antibodies, which in turn are bound to target cells via the fragment antigen-binding region (Fab region), NK cells can kill the target cells through so called antibody-dependent cell-mediated cytotoxicity (ADCC) (31). γδ T cells are known to express CD16 as well, and can also initiate ADCC (32). The lectin receptor CD161 is expressed on NK cells and T cells (33), both on conventional αβ and on γδ T cells, and is connected to the production of IL-17A (19).

No differences could also be seen between cutaneous melanoma patients and healthy controls for the intracellular production of the apoptosis-inducing granzyme B (34) and the cytokines IFN-γ and IL-17A after stimulation with PMA and ionomycin. This is in line with a previous study where γδ T cells from peripheral blood from melanoma patients and healthy controls did not differ in their expression of the intracellular markers after the same stimulation (22). Interestingly, after stimulation with non-peptide phosphoantigens, which activate only the Vδ2+ subset in contrast to PMA and ionomycin which are general T cell activators (35), γδ T cells have shown to increase the expression of granzyme B and IFN-γ (22, 27). Thus, the choice of stimulating agent, in our case PMA and ionomycin, might explain why we could not observe any production of effector molecules or cytokines after in vitro stimulation.

In line with previous literature, the melanoma patients in our study had higher levels of the NKG2D receptor (22), which was driven by an elevated expression on Vδ2+ γδ T cells. NKG2D is found on both NK cells and T cells and binds ligands typically expressed on stressed and transformed cells, e.g. the proteins MICA/B (MHC class I polypeptide–related sequence A/B) which can be upregulated on the surface of cancer cells (17). It has been shown that binding of ligands to NKG2D causes activation in certain γδ T cell subpopulations (17).

The percentage of γδ T cells in both cutaneous melanoma patients and healthy controls were unexpectedly low after enrichment. γδ T cells have been shown to constitute up to 10% of all T cells in peripheral blood in healthy human individuals (29, 36–38), and even after enrichment the highest percentage of γδ T cells among all leukocytes were 7.3 for melanoma patients and 9 for controls in this study. This discrepancy might be due to technical issues with the enrichment protocol. Due to the limited availability of samples and predicted low amount of γδ T cells in peripheral blood, the purity and yield of each sample after enrichment was not measured. Though it is worth noting that the bioinformatic pipeline filters out all data not related to TRD so there are no confounding effects from other cell types, and it should not overly affect the flow cytometry analysis since the majority of the data is gated on events within the total γδ T cell population.

Another restraint in this study is the relatively low sample number, restricting the power of the statistical analyses. The availability of samples from patients undergoing isolated limb perfusion and isolated hepatic perfusion are limited, especially for uveal melanoma patients, since these procedures are rare treatment strategies. Thus, it was decided to prioritize the sequencing over the flow cytometry, leading to the sequencing experiments containing samples from both cutaneous and uveal melanoma patients, while the flow cytometric analyses only contained samples from cutaneous melanoma. Demographical and clinical variables should also be taken into consideration when analyzing the results. This includes for example the presence of latent viral infections. It has been shown that infections with cytomegalovirus (CMV) lead to a skewed ratio towards more Vδ2- γδ T cells (39–41), making CMV serostatus an important factor to take into consideration. Unfortunately, that kind of information is not available. Since the median age of all donors in this study is above 65 years and the CMV seroprevalence in Europe for people above the age of 60 years is 65-98% (42), the probability is high that the majority of the donors are seropositive.

To conclude, this study observes small differences between cutaneous and uveal melanoma patients and healthy controls in regard to distribution of various γδ populations, with high clonal diversities among all groups. Further studies are needed to elucidate the nature of γδ T cells in melanoma patients in order to potentially facilitate the introduction of γδ T cells as a target for immunotherapy. This is especially true for uveal melanoma where effective immunotherapeutic treatments are still lacking and the literature on γδ T cells is sparse. The non-MHC-restricted activation of γδ T cells makes them interesting targets in uveal melanoma treatment regimes. Similarly to other types of cancers, uveal melanoma tumors may downregulate the expression of MHC class I molecules (42–44), which are needed for eradication by conventional αβ T cells. However, in contrast to e.g. cutaneous melanoma, downregulation of MHC class I have shown to correlate to longer survival for patients with uveal melanoma (42, 43, 45), indicating a possibility to introduce non-MHC-restricted treatment strategies.
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