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ABSTRACT
Pancreatic ductal adenocarcinoma (PDAC) presents a unique challenge for researchers due to its late 
diagnosis caused by vague symptoms and lack of early detection markers. Additionally, PDAC is char
acterized by an immunosuppressive microenvironment (TME), making it a difficult tumor to treat. While γδ 
T cells have shown potential for anti-tumor activity, conflicting studies exist regarding their effectiveness 
in pancreatic cancer. This study aims to explore the hypothesis that the PDAC TME hinders the anti-tumor 
capabilities of γδ T cells through blockade of cytotoxic functions. For this reason, we chose to enroll PDAC 
treatment-naive patients to avoid the possibility of therapy modifying the TME. By flow cytometry, our 
research findings indicate that the presence of γδ T cells among CD45+ cells in tumor tissue is lower 
compared to CD66+ cells, but higher than in blood. Circulating Vδ1 T cells exhibit a terminal effector 
memory phenotype (TEMRA) more than Vδ2 T cells. Interestingly, Vδ1 and Vδ2 T cells appear to be more 
prevalent at different stages of tumor development. In our in vitro culture using conditioned medium 
derived from Patient-derived organoids ;(PDOs), we observed a shift in expression markers in γδ T cells of 
healthy individuals toward an activation and exhaustion phenotype, as confirmed by scRNA-seq analysis 
extracted from a public database. A deeper understanding of γδ T cells in PDAC could be valuable for 
developing novel therapies aimed at mitigating the impact of the pancreatic tumor microenvironment on 
this cell population.
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Background

Pancreatic ductal adenocarcinoma (PDAC) is a deadly form of 
cancer that is projected to become the second leading cause of 
cancer-related death in the next decade.1 One of the challenges 
with PDAC is the delayed diagnosis due to its vague symptoms 
and the lack of early diagnostic markers.2 The median survival 
after diagnosis of PDAC is only 4–6 months, primarily due to 
therapeutic resistance, including resistance to immune check
point blockade treatments.3,4 This resistance can be attributed 
to the low immunogenicity of tumor cells, strong tumor immu
nosuppressive mechanisms, or a combination of both. 
Emerging evidence suggests that the tumor microenvironment 
(TME) in PDAC plays a crucial role in cancer initiation, 
progression, and metastasis development.5,6 The TME in 
PDAC is characterized by a highly fibrotic stroma and signifi
cant infiltration of immunosuppressive cell populations such 

as tumor-associated macrophages (TAMs), regulatory T cells 
(Tregs), and myeloid-derived suppressive cells (MDSCs).

At present, PDAC is typically treated with a combination of 
gemcitabine/nab-paclitaxel or FOLFIRINOX (5-fluorouracil, 
leucovorin, irinotecan, and oxaliplatin), along with surgery 
when feasible.7 Anyway, despite the use of medications target
ing key molecular pathways, there is a lack of diagnostic bio
markers that can predict an effective immunological response.8

Cytotoxic T cells within pancreatic cancer are limited due to 
the fibrotic environment and this limits the ability to study 
untreated patients where conventional therapy has not influ
enced the immune populations present.9 Therefore, there is an 
urgent need for practical tools to identify the most appropriate 
markers for developing new drug treatment strategies.

Both our research and that of other groups have emphasized 
the importance of γδ T cells as positive prognostic factors. 
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However, the situation is more complex, being dependent on 
cancer type, with distinct differences observed between Vδ1+ 
and Vδ2+ γδ T cells.10,11 Vδ2 expressing cells, a subset of γδ 
T cells primarily present in the circulation, are activated in 
a major histocompatibility complex-unrestricted manner to 
carry out their function. They express activating cytotoxic 
receptors, such as NKG2D, which can detect stress-induced 
molecules like MIC A/B and UL-16-binding proteins. 
Conversely, Vδ1 expressing cells are predominantly located 
in epithelial or mucosal barrier sites. These ligands are typically 
expressed at low levels in normal cells, but are significantly 
upregulated in stressed and malignant cells.12 Despite some 
conflicting research findings, particularly in pancreatic cancer, 
regarding their anti-tumor or pro-tumor effects, the impor
tance of γδ T cells in PDAC is evident.13 In healthy individuals, 
the presence of γδ T cells in the pancreas is minimal, whereas 
patients with PDAC exhibit a notable increase in the percen
tage of γδ T cells in both tissue and peripheral blood. This 
increase is more pronounced in tumor tissue compared to 
blood. In PDAC infiltrating lymphocytes, the frequency of γδ 
T cells can range up to 75% of T lymphocytes.14 Preclinical 
studies suggest that γδ T cells in the pancreatic tumor stroma 
interact with pancreatic stellate cells (PSCs)15 stimulating the 
production of IL-6 in PDAC PSCs and ultimately influencing 
the immunosuppressive tumor microenvironment.16

Taking into account the plasticity of γδ T cells,6 the immu
nosuppressive microenvironment of pancreatic tumor, charac
terized by MDSCs and other cell types, could compromise 
antitumor defense mechanisms through the release of various 
mediators into the tumor environment.17–19

Our research aims to demonstrate how the tumor micro
environment, predominantly composed of neutrophils and 
macrophages, influences the ability of γδ T cells to adopt a pro- 
tumorigenic function within the tumor tissue. Our findings 
challenge previous beliefs about the role of γδ T cells in pan
creatic cancer development and suggest that the tumor micro
environment weakens their anti-tumor capabilities through 
mechanisms of cellular exhaustion, as evidenced by our study 
using patient-derived organoids. Furthermore, through the 
analysis of RNAseq data, we identified two distinct subtypes 
of Vδ2 T cells with unique transcriptome profiles. Our findings 
demonstrate a clear transition from subtype “a” to subtype “b”.

Methods

Patient cohort

Patient-derived biological material, such as fine-needle/core 
biopsies from primary tumors and peripheral blood, was 
obtained from 11 treatment-naive PDAC patients and 4 
patients with non-PDAC, both groups therapy-naive at the 
moment of the analysis. The collection of tissue material and 
peripheral blood complied with all relevant institutional/gov
ernmental regulations. Informed consent was obtained from all 
subjects prior to material collection.

The analyzed samples from the cohort were collected during 
the year 2022–2023. The patients in the cohort had undergone 
endoscopic ultrasonography (EUS) with fine needle aspiration 
because they had attended an in-hospital outpatient checkup and 

needed a diagnosis for surgical intervention or to initiate therapy. 
It is difficult to obtain tissue biopsies from the pancreas due to its 
anatomical position and, moreover, the need to avoid extracting 
healthy pancreatic tissue. Thus, for comparison, we collected 
peripheral blood cells with original tumor biopsy specimens (11 
PDAC patients) and, after histological screening, we analyzed 
tissue and blood from the non-PDAC patients (4 patients). 
Patients were characterized as therapy naive and approaching 
this exam for the first time. Supplementary Table S1 reports the 
clinical status of the PDAC patients, and the clinical histological 
information collected in parallel. Fresh biopsies and peripheral 
blood of PDAC patients were obtained from the ARNAS Civico- 
Di Cristina-Benfratelli Hospital, Gastroenterology and Endoscopy 
Unit, in Palermo, Italy. Patient features are shown in 
Supplementary Table S1. The study was approved by the local 
ethics committee in March 2022 (Protocol No. 000398) and was 
conducted in accordance with the principles of the Declaration of 
Helsinki. Informed consent was obtained from all patients 
enrolled in the study.

Isolation of infiltrating and circulating immune cells

Tumor tissue and blood were freshly obtained at the time of 
endoscopy and transported to the laboratory for processing. 
Biopsies were minced into small pieces followed digestion with 
collagenase type IV and DNAse [Sigma] for 2 h at 37°C with 5% 
CO2. After digestion, the cells extracted and washed twice in 
incomplete medium [RPMI 1640, Gibco]. Peripheral blood mono
nuclear cells (PBMCs) were isolated by centrifuge at 2000 rpm for 
20 min and washed twice in incomplete medium [RPMI 1640, 
Gibco].

Flow cytometry analysis

Cells were stained for live/dead discrimination using a Live/Dead 
Fixable Violet Dead Cell Stain Kit [Invitrogen]. Fc receptor block
ing was performed with human immunoglobulin [Sigma, 3 μg/ml 
final concentration], followed by surface staining with different 
fluorochrome-conjugated antibodies to study the composition of 
the different subpopulations. Conjugated monoclonal antibodies 
[mAbs] were used to characterize the entire population were as 
follows: anti-CD3, anti-CD45, anti-Vδ1, anti-Vδ2, anti-CD27, 
anti-CD45RA, anti-TCRγδ, anti-TIM3, anti-TIGIT, anti-LAG3, 
anti-NKP46, anti-PD1, anti-CD69, anti-CD25. Expression of sur
face markers was determined by flow cytometry on a FACSCanto 
II, FACS Fortessa [BD Biosciences] and analyzed using FlowJo 
software [BD Biosciences]. For every sample, 100,000 nucleated 
cells were acquired, and values are expressed as percentage of 
viable lympho- monocytes, as gated by forward and side scatter, 
and Vδ1and Vδ2 were detected using CD3 and CD45 double 
positive on single-live cells.

Immunohistochemistry

For histological analysis, pancreatic tumor specimens were 
fixed in 10% neutral buffered formalin, processed, and 
embedded in paraffin. Slides of formalin-fixed, paraffin- 
embedded tissues were used to evaluate infiltrating γδ T cells 
by immunohistochemistry (IHC). We performed IHC using 
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antibodies directed against γδ T cells (Santa Cruz 
Biotechnology, Clone H-41) as indicated in a recent 
publication.20 Images were acquired using the Zeiss AxiCam 
microscope along with AxioVision (Carl Zeiss, Thornwood, 
New York). The proximity of γδ T cells to tumor sites was 
determined by measuring the distance between a γδ T cell and 
its spatially closest tumor site at low power fields (20X), and the 
positivity of the staining was observed at higher power 
fields (40X).

In vitro culture of γδ T cells with PDAC PDO conditioned 
medium

Conditioned medium (CM) from Patient-derived organoids 
(PDOs) was obtained from three PDAC patients following 
the methods published by Fraunhoffer et al.21 PDOs were put 
in culture for 4 days in filtered Dulbecco’s Modified Eagle 
Medium/Ham’s F-12 (DMEM-F12, Gibco) 1X Penicillin- 
streptomycin (Sigma-Aldrich) and 10% Bovine Serum 
Albumin (BSA, Sigma-Aldrich). γδ T cells were enriched 
from five blood bags from different healthy donors using the 
MACS Cell Isolation Kit (TCRγ/δ+ T Cell Isolation Kit) and 
autoMACS Pro Separator (Miltenyi Biotec) and after counting 
they were incubated in 96 well-plates for 1 O.N. in 200 µl of 
RPMI or in 200 µl of CM at the density of 106 /ml.22 After 
incubation, cells were collected, stained, and analyzed as indi
cated in the flow cytometry section.

Single-cell RNA sequencing and data processing

Data acquisition and preprocessing
scRNA-seq data of 33 PDAC samples (T) and 11 uninvolved 
(N) tissue from pancreas were downloaded from Sequence 
Read Archive (SRA), BioProject ID PRJNA806978 (MDA1 
and MDA2 dataset) obtaining 22,164 cells.

All datasets were merged in a single object using the 
R package Seurat (version 4.2.0).23 This dataset was filtered 
and cells with a mitochondrial count ratio higher than 10% 
and < 200 or > 8000 expressed genes were removed. UMI 
counts were log normalized and scaled for a factor of 10,000. 
The top 20% of variable genes were selected for downstream 
analysis. Cell cycle scores were assigned with the 
CellCycleScoring function using a reference gene lists.24 The 
number of UMI counts, the percentage of mitochondrial genes, 
and the differences in cell cycle phases were used to scaled data 
and regress out unwanted variability. We looked at the differ
ence between the scores for the S phase and the G2/M phase of 
the cell cycle. Downstream analysis was performed on the top 
30 principal components (PCs). The R package Harmony was 
used to mitigate batch effect and integrate the dataset from 
different donors25 and RunALRA was used to impute missing 
or drop-out values.

Gamma delta T cells identification

T cells expressing TRDC, TRGC1 or TRGC2 were annotated as 
gamma delta (GD) and subset as a separated object of 1,847 
cells, on which the previous analysis workflow was repeated. 
Specific marker genes (CD3G, CD3E, CD3D, CD4, CD8A, 

CD8B, TRDC, TRDV1, TRDV2, TRGC1, TRGC2, CD27, 
PTPRC) (BD Biosciences and Miltenyi Biotec) were plotted 
to confirm the identity of these cells. UMAP dimensionality 
reduction and clustering were computed on the top five 
Harmony corrected principal components. The Louvain algo
rithm was used to optimize modularity. Downstream analyses 
were performed on 1.2 clustering resolution.

Cluster biomarkers were identified by FindAllMarkers func
tion setting a logFC threshold of 0.25 and fraction of cells 
expressing gene greater than 0.2 within one of the two groups. 
Additionally, Wilcoxon Rank Sum test was applied to identify 
differentially expressed genes. UCell signature enrichment 
package26 and AddModuleScore Seurat function were used to 
highlight custom reference signature and to identify GD cluster 
subtypes.27,28

Pseudotime

Trajectory inference was analyzed with slingshot package29 as 
described in the official vignette. GD1 and GD2_a clusters were 
used as starting point for inferring cellular lineage and pseu
dotime trajectories.

Differential gene expression

We compared clusters within the same condition using the 
FindAllMarkers function with a logFC threshold of 0 and 
return.thresh parameter of 1. Log2FC of selected genes in the 
different clusters and conditions were represented in 
a heatmap (ordered by sum of avg log2FC) by using the ggplot2 
R package (v3.2.1) and p value adjusted was used to determine 
their significance levels.

Gene Set Enrichment Analysis (GSEA)

We compared clusters between conditions (T vs N) to highlight 
differences between T-cells expressing GD receptors in tumor 
and normal tissue, and GD2_b vs GD2_a to investigate the 
switch of GD2 cells from normal to tumor phenotype using the 
FindMarkers function. Specifically, clusters with at least three 
cells were considered for differential gene expression analysis, 
and a logFC threshold of 0 and return.thresh parameter of 1 
were set to output all genes.

Gene Set Enrichment Analysis was performed on the full 
output marker gene lists by the GSEA function of 
ClusterProfiler R package74 (v3.8.1) focusing on the hallmarks 
genesetv7.0 (from MSigDB). Results were combined into 
a single matrix of Normalized Enriched Scores (NES) and 
graphically represented in a heatmap or barplot by ggplot2 
R package (v3.2.1). HALLMARK terms were ranked by sum 
of NES and p.adjust values (less than 0.001, 0.01 and 0.05) 
underscore the statistical significance of the NES values.

Statistical analyses

Data were analyzed for statistical significance using the paired 
t-test (Tukey’s multiple comparison test) and unpaired Mann- 
Whitney test for two groups, and the Kruskal-Wallis test for 
more than two groups. Differences between groups with 
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a probability of 0.05 were regarded as significant. All data were 
analyzed using GraphPad Prism version 9 (GraphPad, San 
Diego, CA). All values are expressed as medians, quartiles, 
and averages ± SEM.

Results

Marked heterogeneity in the frequency of γδ T cells 
observed in tumor tissue biopsies and peripheral blood 
samples of PDAC patients

Endoscopic ultrasound-guided fine needle biopsies (EUS- 
FNBs) have transformed the practice of diagnosing pancreatic 
adenocarcinoma by replacing surgical biopsies, thus resulting 
in lower costs, technical ease, and decreased morbidity.30 In 
this work, we propose to use this procedure for the diagnosis 
and identification of the immune profile of infiltrating cells, 
comparing them to circulating cells to propose possible ther
apeutic interventions.

The frequency of infiltrating and circulating γδ T cells 
was analyzed using flow cytometry, following the gating 
strategy shown in Figure 1a. Our analysis revealed that 
the enrolled patients exhibited a small percentage of 

infiltrating γδ T cells among CD45+ cells, which was sig
nificantly lower compared to activated human CD66b+ 
granulocytes (Figure 1b). The absolute numbers of γδ 
T cells and granulocytes in PDAC patients are not analyzed 
in this study, but have been reported in other publications, 
highlighting the importance of monitoring circulating γδ 
T cells in PDAC patients.31,32 Specifically, we observed that 
γδ T cells infiltrated tumor tissue at a median percentage of 
2.5% ± 3.2 (median ± SD), which was significantly higher 
than in non-PDAC patients. Interestingly, we found that 
the percentages of circulating Vδ1 T cells (0.46% ± 1.42) did 
not differ significantly from those of circulating Vδ2 T cells 
(1.4% ± 3.1).

Interestingly, previous studies by Daley and colleagues 
reported a much higher percentage of γδ T cells in their samples 
(around 40%) (13, 22), but our results using the same gating 
strategy did not align with this finding. Additionally, we 
observed a notable diversity in the percentages of both Vδ1 
and Vδ2 T cells in PDAC patients, with more variability seen 
in Vδ2 T cells compared to non-PDAC patients (Figure 1c).

In our sample cohort, γδ T cells were sparsely localized in 
the PDAC tumor microenvironment as we demonstrated in 
IHC analysis (Figure 1d), in contrast to previous findings by 

Figure 1. Infiltrating and circulating γδ T cells show heterogeneous frequencies in PDAC patients compared with non-PDAC patients. a) representative dot plots of 
PDAC-infiltrating γδ T cells and circulating Vδ1 and Vδ2 T cells from the same patients, and the relative gating strategies. b) Cumulative graph comparing individual 
values of infiltrating leukocytes (CD45+ cells) from PDAC patients and, in particular, CD66b+ cells and γδ TCR+ cells. The analysis of CD66b cells was obtained using the 
gating strategy reported as follows: SSC-A/FSC-A dot plot> single cells> live cells> CD45+ cells/SSC-A> CD66b+/FSC-A. c) representative violin plots comparing 
infiltrating (black contour line) and circulating (red contour line) γδ T cells and their subsets from PDAC patients and non-PDAC patients (gray violin). Black circles 
indicate γδ TCR+ T cells, black squares indicate Vδ1 T cells, black triangles indicate Vδ2 T cells. d) Representative paraffin section of human PDAC patients were stained 
using a mAb specific for TCRγ/δ. Pictures were acquired with 20X and 40X magnification, the latter was used to evaluate staining specificity. In 20X magnification scale 
bar represents 100 μm. 11 PDAC patients and 4 Non-PDAC patients analyzed. Statistical differences were assessed using unpaired student’s t-test with Mann-Whitney 
test, and data are expressed as median (continuous line) and quartiles (dashed lines).
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Daley et al.14 Overall, our data, although collected from 
a representative number of patients, indicate that γδ T cells 
are more abundant in both PDAC tissue and blood compared 
to non-PDAC patients, underscoring the importance of study
ing these cells in PDAC patients.

Immunophenotyping analysis of γδ T cells and their 
subsets in patients with PDAC showed distinct expression 
of immunosuppressive markers

It is well established that pancreatic cancer patients exhibit 
immune dysfunction. The tumor microenvironment (TME) 
in pancreatic cancer is known to be immunosuppressive, creat
ing an inhibitory environment for the immune system and 
contributing to the development of highly resistant pancreatic 
cancer.

To highlight the impact of the pancreatic ductal adenocar
cinoma (PDAC) TME on γδ T cells in treatment-naive 
patients, we analyzed the phenotypes by using of markers 
CD45RA and CD2733 detected on infiltrating γδ T cells and 
circulating subsets in these individuals. Vδ1 T cells were pre
dominantly of the terminally differentiated effector memory 
RA (TEMRA) phenotype, with comparable percentages of 
other phenotypes. In contrast, Vδ2 T cells exhibited a central 
memory (CM) phenotype with few effectors memory (EM) 
cells and did not display a predominance of TEMRA cells 
(Figure 2a).

In Figure 2b, the relative gating strategy and representative 
dot plots are shown. Subsequently, we aimed to test our 
hypothesis that the tumor microenvironment (TME) alters γδ 
T cells. We evaluated whether markers related to immunolo
gical checkpoints differed between infiltrating and circulating 
γδ T cells. Recent publications suggest that TIGIT and TIM3 
play a significant role in immune regulation.

In tumor tissue, TIGIT-expressing γδ T cells exhibited 
a significantly lower percentage compared to TIGIT- 
expressing γδ T cells in non-PDAC tissue (mean ± SEM 
19.3% ± 7.78 versus 58.3% ± 25 with (p < 0.01)). The variance 
in frequency of TIM3 in non-PDAC infiltrating γδ T cells 
differed from that of PDAC patients (means were 44.50% 
versus 17.38%) (Figure 2c). Circulating Vδ1 T cells expressed 
more TIGIT than TIM3 (mean ± SEM 56.48% ± 7.9 versus 
0.48% ± 0.26), and this disparity was statistically significant. 
However, there was no difference between Vδ1 expressing 
TIGIT and TIM3 in non-PDAC patients. Vδ2 T cells in 
PDAC patients expressing both TIGIT and TIM3 displayed 
lower levels compared to non-PDAC patients (mean of: 
TIGIT-Vδ2 1.07%; TIM3- Vδ2 0.33% versus TIGIT- Vδ2 
10.67%; TIM3- Vδ2 4.27%) (Figure 2d,e). Circulating Vδ1 
expressing PD1 shown significative high level (p = 0.03) than 
Vδ2 obtained from the same patients (mean ± SEM 26% SEM 
7.2 versus 2.4% SEM 0.46 respectively) (Supplementary data 
Figure 1a). Additionally, the percentage of Vδ1 expressing 
CD69 was higher than Vδ2 (Supplementary data Figure 1b) 

Figure 2. Immunocharacterization of γδ T cells from tissue and blood of PDAC patients compared to non-PDAC patients show distinctive profiles. a) representative violin 
plots of the phenotypes of circulating Vδ1 and Vδ2 T cells (red contour line) from PDAC patients (5 samples). Black squares indicate Vδ1 T cells, black triangles indicate 
Vδ2 T cells. Statistical differences were assessed using one-way ANOVA, Tukey’s multiple comparisons test and data are expressed as median (continuous line) and 
quartiles (dashed lines). b) representative pseudocolor-plots and counter plots of PDAC-circulating Vδ1 and Vδ2 T cells from the same patients and the relative gating 
strategies. c) representative violin plots of TIGIT+ or TIM3+ infiltrating γδ T cells (black contour line) and comparing PDAC patients and non-PDAC patients (gray violin) 
(8 samples PDAC patients and 4 Non-PDAC patients analyzed). d) representative violin plots of TIGIT+ or TIM3+ circulating Vδ1 and Vδ2 T cells (red contour line) and 
comparing PDAC patients and non-PDAC patients (gray violin) (8 samples PDAC patients and 4 Non-PDAC patients analyzed). e) violin plot comparing NKp46+ γδ T cells 
from tissue (black contour line) and blood (red contour line) from PDAC patients (6 samples PDAC patients and 4 Non-PDAC patients analyzed). Statistical differences 
were assessed using unpaired student’s t-test with Mann-Whitney test, and data are expressed as median (continuous line) and quartiles (dashed lines).
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and our research revealed that circulating γδ T cells displayed 
increased levels of NKp46 compared to infiltrating γδ T cells 
(Supplementary data Figure S1c). This indicates that Vδ1 
T cells in the circulation possess a more cytotoxic phenotype 
relative to Vδ2 T cells (see Supplementary Figure S1) and in 
blood there are more TIGIT-expressing Vδ1 T cells then Vδ2 
T cells.

The subsets of γδ T cells are present in varying proportions 
among naïve-therapy PDAC patients at different clinical 
stages

Emerging evidence suggests that tumor-infiltrating immune 
cells could be used as prognostic markers for various types of 
cancer. While pancreatic ductal adenocarcinoma (PDAC) is 
typically poorly infiltrated, we investigated the frequencies of 
γδ T cells obtained from tumor tissue (graphs in gray) and 
circulating subsets (graphs in red) across different tumor 
stages. As PDAC is often only detected at an advanced stage, 
our data collection began at Stage II (T2). Treatment-naive 
PDAC patients exhibited higher levels of infiltrating γδ 
T cells at T2 compared to other stages, although these differ
ences were not statistically significant (Figure 3a). Flow cyto
metry analysis of γδ T cells from peripheral blood 
mononuclear cells (PBMC) showed varying levels of both 

Vδ1 and Vδ2 T cells across stages. Circulating Vδ1 T cells 
were more prevalent at T3 and T4, while Vδ2 T cells were 
significantly higher in T2 patients compared to Vδ1 T cells 
(Figure 3b). These findings indicate distinct participation levels 
of Vδ1 and Vδ2 T cells in tumor immune surveillance.

Furthermore, we evaluated lymph node infiltration, 
a common feature of advanced tumor stages, to explore the 
involvement of γδ T cells in PDAC. Surprisingly, circulating 
Vδ2 T cells showed significantly higher levels compared to Vδ1 
T cells in the N1 stage, with statistically significant data 
(Figure 3d), despite γδ T cells not demonstrating a significant 
correlation in the N1 stage (Figure 3c).

Our findings have confirmed the involvement of γδ T cells 
in various stages of tumor development. Additionally, 
Figure 3e illustrates how we processed data from PDAC 
patients to stratify them based on clinical and immunological 
features.

At stage T3, infiltrating γδ T cells exhibited higher expres
sion of TIGIT and TIM3 compared to other tumor stages 
(Figure 3f, upper part), and were associated with advanced 
tumor stages as they were present during stage N2 (Figure 3f, 
lower part). On the other hand, a greater percentage of TIGIT 
+Vδ1 T cells and non-TIM3+ Vδ1 T cells were significantly 
present in T3 patients compared to M1 patients (Figure 3G, 
upper part), but these were not observed at the advanced stage 

Figure 3. Deep analysis of the expression markers in different clinical tumor stages reveals the early involvement of γδ T cells subsets. a) representative histogram 
showing frequency of infiltrating γδ T cells and b) the circulating subsets of Vδ1 and Vδ2 T cells at different tumor stages (from T2 to T4) and c) and d) of infiltrating 
lymph nodes (N) classified by TNM score, obtained by flow cytometry analysis. In b) and d) the red contour line indicates the analysis of circulating subsets of γδ T cells 
related to the clinical stages. Statistical differences were assessed using unpaired Kruskal-Wallis test, data shown are median and SEM. e) graphical representation of the 
analysis shown in F-H in which the immune characterization evaluating specific markers expression is correlated with different tumor stages detected by EUS-FNBs and 
confirmed by pathological anatomy report; f) cumulative box-plot floating bar with minimum and maximum and median as the middle line of TIGIT+ or TIM3+ γδ T cells 
from tumor tissue at different tumor stages (black contour line). g) and h) show cumulative data for circulating Vδ1 and Vδ2 (red contour line) with minimum and 
maximum and median as the middle line. The figures represent the cumulative data of 11 different samples distributed across the various tumor stages. Statistical 
differences were assessed by using unpaired student’s t-test with Mann-Whitney test.
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N2 (Figure 3g, lower part). There was a distinct distribution of 
Vδ2 T cells among PDAC patients across different tumor 
stages, with slightly higher levels at the advanced stage N2 
(Figure 3h).

In conclusion, our data suggest that the exhausted pheno
type of γδ T cells and their subsets is associated with advanced 
tumor stages (T3 and N2), rather than with the metastatic 
stage. To further validate our findings, we conducted an 
in vitro assay using PDAC PDO.

The analysis of γδ T cells following in vitro culture with 
PDAC patient-derived organoid conditioned medium 
demonstrated the significant impact of the pancreatic 
cancer microenvironment

It has been shown that the function of immune cells, including 
γδ T cells, can be altered or hindered by components of the 
tumor microenvironment (TME). Our study revealed that the 
TME impairs the function of γδ T cells, contradicting their 
expected anti-tumoral role and instead promoting a pro- 
tumorigenic environment.

By obtaining PDAC PDO (Patient-derived organoid) from 
fine needle biopsies, we were able to analyze the 

communication between T cells and tumor cells in vitro. This 
allowed us to address important questions about the regulation 
of γδ T cell function and bridge a crucial gap in research due to 
the challenges of obtaining biopsies for studying the interac
tions between immune cells and tumor cells in tumor 
development.

Using PDAC PDO samples from three different donors, we 
cultured conditioned media (CM) for an average of 4 days. We 
then cultured enriched γδ T cells obtained from blood samples 
from five different healthy donors in the pooled CM for 
24 hours.

Figure 4a depicts the results of the in vitro experiment 
conducted on γδ T cells in PDAC PDO CM. Various 
markers associated with T cell functioning and activation 
were evaluated following in vitro culture. TIM3-expressing 
γδ T cells (Figure 4b) showed an increase in CM compared 
to the RPMI control (mean of 3.5% versus 1.57%) and 
circulating γδ T cells from PDAC patients (mean of 
1.12% ± 0.2 SEM). Furthermore, the analysis of PD1- 
expressing circulating Vδ1 T cells indicated a statistically 
significant increase compared to circulating Vδ2 T cells 
(mean of 25% versus 2.45%) (Supplementary Figure S1a). 
The analysis revealed that γδ T cells in PDAC CM 

Figure 4. In vitro assay demonstrated that PDAC-TME could be selectively responsible for the activation of γδ T cell subsets and their exhaustion. a) graph illustrating the 
scheme of the experimental procedure of in vitro assays that describes the use of PDAC PDO (from 3 PDAC patients at late stages of tumor) from which we obtained CM 
after 4 days in culture, and blood from five healthy donors. The experiments were performed putting γδ T cells in culture 1 on at 37°C and 5% CO2 with RPMI and in CM, 
as indicated in material and methods section. b) histogram plot shows median of percentage of TIM3, LAG3 and PD1 expressing γδ T cells in culture with RPMI (white 
histogram) and in CM (gray histogram). c) histogram plot shows median of percentage of CD45RA and CD27 expressing γδ T cells in culture with RPMI (white histogram) 
and in CM (gray histogram) identifying phenotype. d) histogram plot shows median of percentage of CD25 and CD69 expressing γδ T cells in culture with RPMI (white 
histogram) and in CM (gray histogram). Statistical differences were assessed using unpaired student’s t-test with Mann-Whitney test.
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exhibited high levels of CD25 expression (mean of 1.66% ±  
0.83 SEM) compared to the RPMI media control (mean of 
0.29% ± 0.2 SEM) (Figure 4d). However, the frequency of 
circulating CD25-expressing γδ T cells shown a little more 
expression of CD25 in PDAC patient compared to Non- 
PDAC patients (Supplementary Figure S1d).

Finally, we aimed to investigate the potential impact of 
CM from PDAC PDO on the activation of γδ T cells in 
treatment-naive PDAC patients. As anticipated, Vδ1 T cells 
from the blood of PDAC patients exhibited a significantly 
higher frequency of CD69 compared to Vδ2 T cells from 
the same patients (Figure 4d). This finding was consistent 
with our in vitro experiments using PDAC PDO. To vali
date our theory that PDAC PDO CM can alter cells, we 
assessed the phenotype using CD45RA and CD27 expres
sion markers. We observed a decrease in the EM phenotype 
compared to the RPMI control (mean of 30.9% versus 
9.1%), which was statistically significant. There were also 
slightly elevated levels in the TEMRA and naive phenotypes 
(mean of 13.9% versus 30.7% for the naive phenotype), 
both with p values slightly above 0.05 (Figure 4c). 
Additionally, the expression of LAG3 and TIM3 on γδ 
T cells was increased in the CM culture compared to 
RPMI (Figure 4b). In conclusion, we found that PDAC 
tumor cells play a crucial role in modulating the function 
of γδ T cells by altering the expression of immunoregula
tory markers, as evidenced by our in vitro culture experi
ments with PDAC PDO CM.

The microenvironment of pancreatic cancer alters the 
transcriptional profile of γδ T cells

To evaluate the influence of the tumor microenvironment on 
γδ T cell function, we analyzed single-cell RNA-seq data from 
PDAC tissue (tumor tissue) compared to uninvolved pancrea
tic tissue (normal tissue) previously published in (Schalck et al., 
2022). γδ T cells were identified by the expression of CD3 and 
TCR δ constant (TRDC) and variable δ (TRDV) regions 
(Supplementary Figure S2). The subsets of γδ T cells was re- 
clustered to investigate γδ T cells sub-populations. We 
obtained 1,847 cells expressing Vδ1 and Vδ2 signatures 
(Supplementary Figure S3). These cells were resolved into six 
different clusters (Figure 5a-c) based on similarity and gene 
expression profiling (Figure 5a. The GD cluster encompasses 
all γδ T cells that do not express the genes specific to the Vδ1 
and Vδ2 clusters, as detailed in the supplementary data. 
Among these cells 43.4% express Vδ1 and 56.6% express Vδ2 
signature (Figure 5e). The Vδ1 (GD1) subset is more abundant 
in healthy than in affected tissue (about 21% in normal and 
16% in tumor). Within Vδ2 (GD2) subset we identified two 
different clusters showing a differential gene expression profile, 
which were named as GD2_a and GD2_b. The GD2_a popula
tion is slightly enriched in normal tissue (38.3% in normal vs 
20% in tumor), while GD2_b cells were found mainly in tumor, 
in which represents 36.5% of γδ T cells compared to 10% found 
in healthy tissue (Figure 5d,e). We computed gene set enrich
ment analysis (GSEA) by comparing GD2_b to GD2_a 
(Figure 6a) and the results show that GD2_b cluster is 

Figure 5. Subpopulations identified in infiltrating γδ T cells by scRNA transcriptomics. a) UMAP clustering visualization of γδ T cells subpopulations in the analysis, b) in 
Normal and c) Tumor tissue. d) Stacked barplot showing the proportion of γδ T cells subclusters identified in the analysis, e) in Normal and f) in Tumor tissue.
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characterized by the overexpression of TNFalpha signaling via 
NF-kb signature, proinflammatory genes, hypoxia, fatty acid 
metabolism and glycolysis pathways. Importantly, the reactive 
oxygen species pathway, related to protein secretion, is down
regulated in the GD2_b cluster in comparison to the GD2_a 
cluster. Within Vδ1 and Vδ2 T cells we also identified clusters 
of cells characterized by the overexpression of KRAS signaling 
signature (Supplementary Figure S4) and we name these cells 
GD1_proliferationg and GD2_proliferating. 
GD2_proliferating cells are more abundant in normal that in 
tumor tissue possibly suggesting a decrease in the proliferative 
capacity of this GD2 subcluster (Figure 5b), but at the same 
time also a change in the functionality of this subpopulation. 
Indeed, our research revealed distinct transcriptomic profiles 
within the γδ T cell population, indicating the presence of 
functionally distinct subpopulations, such as GD2_a and 
GD2_b.

To understand the effect of the tumor microenvironment 
on the biological functions of γδ T cells, we performed GSEA 
comparing each cluster within the two conditions (Figure 6b). 
We observed that glycolysis, TGFβ- pathway, epithelial 
mesenchymal transition, reactive oxygen species pathways, 
p53 pathway, unfolded protein response, and TNF alpha sig
naling via NFKB are differentially regulated in GD1 and GD2 
cells. In particular, while in the GD1 cluster these pathways are 
downregulated in tumor, in both the GD2 clusters they are 
upregulated (Figure 6b). It seems that GD2 undergo a stress 
related to endoplasmic reticulum which is connected to 
increase reactive oxygen species with a consequentially ineffi
cacy anti-tumor immune response.

When we analyzed the specific gene expression between 
GD2_a and GD2_b in normal tissue comparing each cluster 
to all the others within the same condition (Figure 6c), we 
found that GD2_b T cells in the tumor poorly expressed 
genes related to protein secretion, even if they expressed 
IFNγ and TNFα but the TNFRSF18 gene (member of the 

TCR superfamily TNF receptor 18) that play a key role in 
dominant immunological self-tolerance maintained by regula
tory T cells CD25(+)CD4(+) is up-regulated. Furthermore, 
granzyme genes in GD2_b in tumor downregulates compared 
to GD2_a in tumor. NCR3 is less expressed in GD2_b in tumor 
than in GD2_a in tumor. While CD96, which is a promising 
candidate for immunotherapy as a novel target of immune 
checkpoint receptor, is more expressed in GD2_b in tumor 
than GD2_a in tumor.

We have observed that the CCR5 gene is expressed at lower 
levels in the GD2_a subset compared to GD2_b in tumor 
tissue. A similar pattern is seen for the CXCR4 gene, which is 
known to be upregulated in several cancer types and plays 
a critical role in tumor metastasis. In multiple sclerosis (MS), 
a subset of γδ T cells expressing CCR5 belongs to the effector 
compartment, supporting the hypothesis that they may con
tribute to relapse.34 In liver cancer, Vδ2+ γδ T cells predomi
nantly exhibit a CD45RA− CD27+ phenotype, with both CCR5 
and CD161 generally overexpressed, facilitating their rapid 
migration to inflammatory tissue.35 γδ T cell subpopulations 
in PDAC display unique characteristics that warrant further 
attention, as these features may provide deeper insights into 
the true role of γδ T cells in this tumor.

Finally, we evaluated the possible development of GD1 and 
GD2 clusters by using a pseudotime analysis including all the 
conditions (Figure 7). Along the main trajectory of pseudo
time, GD tends to enrich in GD2_b in tumor and in GD2_a in 
normal tissue, with a consequent depletion of GD1 (Figure 7a- 
d). Moreover, another trajectory can be identified where GD2 
cells follow a progression from GD2_a to GD2_b cells when 
switching from normal tissue to tumor (Figure 7e,f).

These analyses confirm our hypothesis that gamma-delta 
T cells in the tumor microenvironment exhibit different func
tional traits compared to those found in normal tissue and 
acquired in situ, as shown by the pseudotime analyses. 
Consequently, it is crucial to comprehend these modifications 

Figure 6. Functional analysis of γδ T cells subpopulations. GSEA using the Hallmark gene sets in GD2_b vs GD2_a cells (a), and in each cluster within tumor vs normal 
tissue (b). Tiles are colored according to the Normalized Enrichment Score (NES). c) Expression level of selected genes in each cluster vs all the others within the same 
condition. Tiles are colored according to the Average logFoldchange (Avg log2FC) and stars were used to indicate the statistical significance (p <0.001 (***), < 0.01 (**), 
< 0.05(*)).
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for the advancement of therapies designed to prevent these 
alterations.

Discussion

We conducted a comprehensive analysis of baseline circulating 
and infiltrating γδ T cells in treatment-naive PDAC patients. 
Using flow cytometry and an in vitro PDAC PDO assay, we 
examined the immunophenotype of γδ T cells and their subsets 
in both peripheral blood and tumor tissue, categorizing these 
findings based on the patients’ clinical stages. Furthermore, we 
established an in vitro culture assay using the conditioned 
medium of PDAC PDOs derived from three different patients. 
A key strength of our study lies in the utilization of needle 
PDAC biopsies of treatment-naive patients to generate PDAC 
PDOs, enabling us to analyze infiltrating lymphocytes concur
rently with peripheral blood samples from the same patients. 
Through the use of EUS-FNB, we can provide more accurate 
prognostic information and tumor classification markers for 
improved clinical management, facilitating the timely initia
tion of appropriate therapies while minimizing unnecessary 
procedures.36

Our research focused on tumor infiltrating γδ T cells due to 
their significant prognostic value in various types of human 
cancer.8,13 These cells have shown promise in anti-tumor 
immune therapy approaches.37 However, studies have also 
indicated that in the context of pancreatic tumors, γδ T cells 
may have tumor-promoting functions.15 The cytotoxicity 

displayed by γδ T cells against tumors may potentially switch 
to a supportive role in tumor development.

Interestingly, there was a significant difference in tumor- 
infiltrating γδ T cell values between PDAC and non-PDAC 
control samples, but no difference was observed in the circu
lating Vδ1 and Vδ2 T cell levels between PDAC and non- 
PDAC patients. Additionally, we found that the Vδ2 subset 
was more prevalent than Vδ1 T cells in the blood, although the 
difference was not statistically significant.

Gene expression data revealed an emerging proliferating 
Vδ1 population in the tumor compared to the Vδ2 subset, 
which could support the hypothesis of a tissue-specific pre
sence of Vδ1 cells. However, we acknowledge the lack of flow 
cytometry data to directly confirm this.

We have suggested that the function of γδ T cells can be 
altered or hindered by components in the tumor microen
vironment (TME). The presence of γδ T cells within pan
creatic ductal adenocarcinoma (PDAC) infiltrating 
lymphocytes is variable, as well as the levels found in the 
bloodstream. A study involving knockout mice revealed that 
γδ T cells play a pro-tumorigenic role in PDAC.14 However, 
inhibitory factors within the tumor environment inhibit the 
cytotoxicity of γδ T cells, leading to weakened antitumor 
defense mechanisms.38 Our research indicates that γδ infil
trates in PDAC exhibit fewer immune checkpoints com
pared to the bloodstream, with a higher proportion of 
exhausted and cytotoxic Vδ1 T cells compared to Vδ2. We 
identified two distinct subtypes of Vδ2 lymphocytes, termed 
GD2_a and GD2_b, with varying gene profiles in normal 

Figure 7. Visualization pseudotemporal trajectory analysis. Pseudotime trajectory analysis and sample density plot of γδ T cells calculated starting from GD1 (a-d) and 
GD2_a (e,f) clusters. A color gradient from black to yellow represents different pseudotime levels, with black indicating the earliest time point and yellow indicating the 
latest time point (a,c,e Density plots represent the distribution of cells in normal and tumor conditions along the pseudotime (b, d, f). In the transition from normal to 
tumor microenvironment, GD1 cells are distributed along the trajectory to GD2_b cells (a), as do GD2_a (c). Additionally, GD1 and GD2_a are distributed along the same 
trajectory in a bidirectional manner (b).
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and tumor tissues. The presence of these subpopulations 
suggests a functional switch, as GD2_a retains anti-tumor 
characteristics while GD2_b shows Treg-like phenotypes. 
Identifying these subtypes using flow cytometry or immu
nofluorescence analysis poses a challenge, but as of now, 
this information remains elusive. The pseudotime analysis 
of one of the two evaluated trajectories surprisingly reveals 
that Vδ1 T cells in the tumor tissue are replaced by Vδ2 
T cells with a type 2 function. While there is a risk of 
incorrect clustering that cannot be directly assessed, the 
ultimate solution requires 5’ scRNAseq chemistry datasets 
to include measurements of all TCRVδ and TCRγ genes, 
which are not currently implemented. Therefore, there is 
currently no way to differentiate between TCRVγ9/ 
TCRVδ2, TCRVγ9/TCRVδnon2, TCRVγnon9/TCRVδ1, 
and TCRVγnon9/TCRVγnon1, other than simple binary 
classification into the TCRVγ9 and TCRVγnon9 groups. 
To address this limitation, we utilized a gene cluster pub
lished by Satija et al. in 201523 to group our subsets more 
effectively. This approach revealed distinct subtypes within 
the Vδ2 subsets with unique transcriptomic profiles, indi
cating various responses to microenvironmental influences 
on recruited γδ T cells.

Our research indicates that infiltrating γδ T cells are corre
lated with LN infiltration, particularly Vδ2 T cells show 
a correlation with early tumor stages compared to Vδ1 T cells, 
with statistically significant data. Further exploration of the 
subtypes of Vδ2 cells, specifically type a or type b, at the LN 
level would be intriguing; however, we currently lack the ability 
to have this information. Exploring how the tumor microenvir
onment affects γδ T lymphocytes, we conducted an in vitro test 
using PDAC PDO to better understand functional changes 
induced by the tumor microenvironment. Indeed, we observed 
that peripheral blood γδ T cells from healthy individuals, when 
cultured with PDAC organoid supernatant, exhibit exhaustion 
markers and a phenotype similar to our ex-vivo findings from 
drug-naive PDAC patient biopsies. Additionally, we found that 
genes essential for cytotoxic functions are more downregulated 
in Vδ2 compared to Vδ1.

Although it has been shown that CD8+ T cells in proximity 
to PDAC cells correlate with increased survival,39 memory CD8 
+ T cells were less frequent in pancreatic cancers in comparison 
to nonmalignant pancreatic tissue.40 To investigate this issue for 
γδ T cells, we evaluated the phenotype using an in vitro culture 
with CM of PDAC PDO. Unfortunately, no strong changes were 
found in the phenotype of γδ T cells, except for naive and EM 
phenotypes, compared to RPMI control. In conclusion, our 
findings demonstrate that γδ T cells control tumor progression 
until the TME does not modify the expression of those markers 
that control immunosuppressive processes, and this hypothesis 
seems to be confirmed by scRNAseq analysis.

Unfortunately, a limitation of our study is the small sample 
size, which reflects the challenge of recruiting treatment-naïve 
patients. However, the inclusion of patients who had not 
received therapy before is a significant advantage for immuno
logical studies, as recent research has shown that therapy can 
alter the tumor microenvironment.41 Furthermore, the pre
sence of γδ T cells in pancreatic ductal adenocarcinoma 
(PDAC) infiltrating lymphocytes varies. Not all samples 

showed a percentage of γδ T cells. Due to the low number of 
cells collected from tumor biopsies, we chose to only stain for 
γδ T cells, as outlined in the Materials and Methods section. 
However, the issue related to the small sample size, was miti
gated by conducting in silico analyses on a larger cohort of 
patients than those available for ex vivo analysis.

Conclusion

The tumor microenvironment (TME) has been shown to 
impact the anti-tumor activity of γδ T cells by weakening and 
suppressing their cytotoxic mechanisms. The observation of 
two subtypes of Vδ2 T lymphocytes indicates that there is 
differentiation over time. While acknowledging the limitations 
of our study, we advocate for further research to identify 
strategies that can prevent functional changes in γδ T cells 
within the pancreatic cancer microenvironment. This could 
pave the way for the development of new technologies based 
on allogeneic γδ T cell therapy.
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