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ABSTRACT
Ligands for Stimulator of Interferon Genes (STING) receptor are under investigation as adjuvants in cancer 
therapy. Multiple effects have been described, including induction of immunogenic cell death and 
enhancement of CD8 T-cell mediated anti-tumor immunity. However, the potential effects of STING 
ligands on activation and effector functions of tumor-reactive human γδ T cells have not yet been 
investigated. We observed that cyclic dinucleotide as well as novel non-dinucleotide STING ligands 
diABZI and MSA-2 co-stimulated cytokine induction in Vδ2 T cells within peripheral blood mononuclear 
cells but simultaneously inhibited their proliferative expansion in response to the aminobisphosphonate 
Zoledronate and to γδ T-cell specific phosphoantigen. In purified γδ T cells, STING ligands co-stimulated 
cytokine induction but required the presence of monocytes. STING ligands strongly stimulated IL-1β and 
TNF-α secretion in monocytes and co-stimulated cytokine induction in short-term expanded Vδ2 γδ T-cell 
lines. Simultaneously, massive cell death was triggered in both cell populations. Activation of STING as 
revealed by TBK1/IRF3 phosphorylation and IP-10 secretion varied among STING-expressing tumor cells. 
STING ligands modulated tumor cell killing by Vδ2 T cells as analyzed in Real-Time Cell Analyzer to variable 
degree, depending on the tumor target and time course kinetics. Our study reveals complex regulatory 
effects of STING ligands on human γδ T cells in vitro. These results help to define conditions where STING 
ligands might boost the efficacy of γδ T cell immunotherapy in vivo.
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Introduction

γδ T cells have recently attracted substantial attention as poten-
tial effector cells in T cell-based cancer immunotherapy. This is 
mainly based on two prominent features of γδ T cells, namely 
(i) the HLA-independent mode of activation and tumor cell 
recognition, and (ii) the strong capacity to kill a broad range of 
leukemic and solid tumor cells.1 The two major subsets of 
human γδ T cells differ in their pathway of tumor cell recogni-
tion. Vδ2 (usually paired with Vγ9) γδ T cells are the dominant 
γδ T-cell subset in the peripheral blood. The T-cell receptor 
(TCR) mediated activation of Vγ9Vδ2 T cells (termed Vδ2 in 
the following) critically depends on the expression of butyro-
philin (BTN) family members on accessory cells and tumor 
cells, specifically BTN3A1 and BTN2A1.2–4 Pyrophosphates 
such as (E)-4-Hydroxy-3-methyl-but-2-enyl pyrophosphate 
(HMBPP) secreted by microbes or isopentenyl pyrophosphate 
(IPP) overproduced by transformed cells bind to the intracel-
lular butyrophilin B30.2 domain and induce a conformational 
change of extracellular BTN3A1/BTN2A1 domains. This leads 
to the unmasking of ligands which bind to TCR Vγ9 germline- 
encoded regions, thereby triggering TCR activation.5 

Importantly, the conformational change of BTN3A can be 
mimicked by agonistic antibodies such as clone 20.1 which 

then induce selective activation and expansion of Vδ2 T cells 
in the presence of IL-2.2,6 The recognition of tumor cells by 
Vδ2 T cells depends on the endogenous overproduction of IPP 
in transformed cells, which also activates the Vγ9Vδ2 TCR in 
a BTN3A1-dependent manner. IPP is an intermediate of the 
eukaryotic mevalonate pathway of cholesterol synthesis. IPP 
levels in normal cells are below the threshold to activate γδ 
T cells, but stressed and transformed cells have a dysregulated 
mevalonate pathway, leading to accumulation of IPP and sub-
sequent Vδ2 T-cell activation.7 The mevalonate pathway can be 
manipulated pharmacologically. Nitrogen-containing amino-
bisphosphonates like Zoledronate (ZOL) block farnesyl pyro-
phosphate synthase, an enzyme downstream of IPP synthesis. 
ZOL treatment increases the susceptibility of tumor cells to 
Vδ2 T-cell mediated lysis, but also induces selective activation 
and expansion of Vδ2 T cells when added to peripheral blood 
mononuclear cells (PBMC) in the presence of IL-2.8,9 In addi-
tion to the TCR, Vδ2 T cells usually express NKG2D, an 
activating receptor for HLA class I-related stress-induced 
ligands like MICA/B and UL-16 binding proteins (ULBP) 1– 
6.1,10 Taken together, Vδ2 T cells can be selectively activated by 
pyrophosphates (“phosphoantigens”, pAg), agonistic anti- 
BTN3A1 antibodies, and aminobisphosphonates, and tumor 
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cell killing can be triggered by both the TCR and NKG2D.11 

The second most frequent human γδ T-cell subset expresses 
Vδ1, which can associate with various Vγ elements. While TCR 
ligands for Vδ1 (and other non-Vδ2) γδ T cells are much less 
defined, these cells also exert potent anti-tumor activity, which 
is mainly executed by activating NK receptors like NKp30 and 
NKp44.1 Protocols for the preferential expansion of such Delta 
One T (“DOT”) cells have been reported,12 and both Vδ2 and 
Vδ1/DOT T cells are in development for clinical 
application.11,13 Currently, different strategies are pursued 
along this line, including in vivo activation of γδ T cells with 
bispecific γδ T-cell engagers or agonistic anti-BTN3A1 anti-
bodies, and the adoptive transfer of in vitro expanded Vδ2 T 
cells, Vδ1/DOT cells, or chimeric antigen receptor (CAR)- 
modified γδ T cells.11,13

A challenge for any kind of cell-based cancer immunotherapy 
is the immunosuppressive tumor microenvironment. There is 
a multitude of mechanisms exerted by tumor cells, stroma cells, 
tumor-associated macrophages, and other cells to negatively 
impact on tumor-reactive T cells including γδ T cells.14 One 
strategy to potentially counteract the immunosuppressive 
micromilieu is to stimulate innate immune mechanisms through 
activation of receptors like Toll-like receptors (TLR) or stimu-
lator of interferon genes (STING).15 The cyclic GMP-AMP 
synthase (cGAS)/STING pathway is a sensor of cytosolic DNA, 
which activates type I interferon responses via phosphorylation 
of TBK1 and IRF3, but also initiates pro-inflammatory cytokines 
through activation of NF-κB.16 The cGAS/STING pathway can 
promote anti-tumor immunity by various mechanisms includ-
ing induction of apoptosis in some tumor cells and modulation 
of innate and adaptive immunity.17–29 As a consequence, appli-
cation of agonistic STING ligands might synergize with chemo-/ 
radiotherapy, tumor vaccines, checkpoint inhibitors, or adoptive 
immune cell therapy including CAR T cells.15,30 The prototypic 
agonists of STING are cyclic dinucleotides (CDN) like 2ʹ3ʹ- 
cGAMP that are generated upon binding of dsDNA to cGAS.31 

Uptake of CDN is promoted by specific transporter 
molecules.32,33 Recently, two classes of potent non-CDN 
STING ligands have been described, both of which can enter 
cells without a specific transporter.34,35 The adjuvant activity of 
such non-CDN STING ligands for enhancing anti-tumor immu-
nity is currently under investigation in multiple settings.19,34–36

In the present study, we have investigated the effects of both 
CDN and novel non-CDN STING ligands on the activation 
and effector functions of human Vδ2 T cells. Our results reveal 
a critical role of monocytes in the modulation of γδ T-cell 
activation by STING ligands and a tumor cell type specific 
modulation of tumor cell killing. We discuss the relevance of 
our observations for the optimization of γδ T-cell-based cancer 
immunotherapies.

Materials and methods

Isolation of immune cell populations

Ficoll-Hypaque density gradient centrifugation was used to iso-
late peripheral blood mononuclear cells (PBMC) from leukocyte 
concentrates of healthy adult blood donors obtained from the 
Institute of Transfusion Medicine, University Hospital 

Schleswig-Holstein. The use of leukocyte concentrates and per-
ipheral blood from healthy donors was approved by the Ethics 
committee of Kiel University Medical Faculty (code D546/16). 
Written informed consent was obtained from all donors, and the 
research was conducted in accordance with the Declaration of 
Helsinki. γδ T cells were purified from PBMC by positive mag-
netic selection using the anti-TCRγ/δ Microbead Kit from 
Miltenyi Biotec (Bergisch Gladbach, Germany) following the 
instructions of the company. To increase the purity of γδ 
T cells, two consecutive LS columns were applied. The purity 
of isolated γδ T cells was > 97%. Monocytes were isolated from 
PBMC by negative isolation using the Pan Monocyte Isolation 
Kit following the instructions of the company (Miltenyi 
Biotech). Negatively isolated monocytes contained >92% 
CD14+ monocytes and <0.5% contaminating CD3+ T cells.

Cell cultures. PBMC and purified γδ T cells with or without 
added purified monocytes were cultured in 96-well round 
bottom microtiter plates as detailed in the Results section. 
Complete culture medium was RPMI 1640 (Thermo Fisher 
Scientific) supplemented with antibiotics (100 U/mL penicillin, 
100 µg/mL streptomycin) and 10% of heat-inactivated low 
endotoxin fetal bovine serum (Bio&Sell, Feucht, Germany). 
All cell cultures were incubated at 37° C in a humidified atmo-
sphere of 5% CO2. Stock solutions of STING agonists and 
inhibitors were prepared as recommended by manufacturers 
and were stored at −20°C until use. STING ligands 2ʹ3ʹ- 
cGAMP (cGAMP), 2ʹ3ʹ-cGAMP control, c-di-AMP, cAIMP, 
2ʹ3ʹ-c-di-AM(PS)2 (Rp,Rp), c-di-GMP, c-di-IMP, the inactive 
control c-di-UMP, and TBK1 inhibitor BX795 were obtained 
from Invivogen (Toulouse, France), non-dinucleotide STING 
ligands diABZI and MSA-2 were from MedChemExpress 
(Biozol, Eching, Germany). Zoledronate (ZOL) and recombi-
nant human IL-2 (Proleukin) were kindly provided by Novartis 
(Basel, Switzerland), (E)-4-Hydroxy-3-methyl-but-2-enyl pyr-
ophosphate (HMBPP) was purchased from Echelon 
Biosciences (Salt Lake City, UT, USA). Final concentrations 
of ZOL and HMBPP were 2.5 μM and 1 nM or 10 nM, respec-
tively. In some experiments, purified γδ T cells were cultured in 
microtiter plates coated with 0.5 µg anti-CD3 mAb OKT3 
(Biolegend, San Diego, CA, USA) per well. Where indicated, 
cell cultures were supplemented with IL-2 (50 IU/mL). Short- 
term Vδ2 T-cell lines were established from PBMC as pre-
viously reported.37 Briefly, PBMC were stimulated with 
2.5 μM ZOL and 50 IU/mL IL-2. IL-2 was added every 
other day, and cell cultures were split every 2–3 days starting 
at day 6. Following this protocol, the purity of γδ T-cell lines 
after 14 d was routinely > 92%. For intracellular analysis of 
cytokine expression, 400.000 PBMC or 100.000 purified γδ 
T cells with or without additional 100.000 monocytes per well 
were cultured for 24 h in round-bottom microtiter plates in the 
presence or absence of STING ligands and HMBPP (without 
exogenous IL-2). 3 μM monensin was added during the last 4 h 
to prevent cytokine secretion.

Tumor cell lines

The glioblastoma line U251MG (ECACC 89081403) was 
obtained from the European Collection of Authenticated Cell 
Cultures (ECACC, Salisbury, UK). Pancreatic ductal 
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adenocarcinoma (PDAC) cell lines Panc89, PancTu-1 and 
BxPC338 were provided by Dr. Christian Röder, Institute for 
Experimental Cancer Research (UKSH Kiel, Germany). Tumor 
cell lines were maintained in a complete culture medium, and 
0.05% trypsin/0.02% EDTA was used to detach adherent cell 
lines from flasks. The identity of cell lines had been verified by 
short tandem repeats analysis before freezing multiple aliquots, 
which were used for 8 weeks. All cell lines were regularly 
screened for mycoplasma contamination by RT-PCR (Venor® 
GeM classic, Minerva Biolabs GmbH, Germany) and were 
found to be negative. THP1-Dual KI-hSTING-A162 cells 
were obtained from Invivogen.

Immunoblot analysis of STING activation

Tumor cell lines and short-term expanded Vδ2 T-cell lines 
were activated for 4 h with STING ligands diABZI (100 nM) 
or MSA-2 (25 µM). Cell lysates were prepared and subjected to 
Western blot analysis. Membranes were sequentially probed 
with monoclonal rabbit antibodies against phospho-TBK1 
(#5481), phospho-IRF-3 (#37829), TBK1 (#3504), and IRF-3 
(#11904) obtained from Cell Signaling Technology Europe 
(Frankfurt, Germany), monoclonal mouse anti-STING anti-
body (#675902) from Biolegend, or polyclonal goat anti-β- 
actin antibody (#sc-1615) from Santa Cruz Biotechnology 
(Dallas, TX, USA). ECL reagents (GE Healthcare) were used 
for chemiluminescence detection using Hyper Film (GE 
Healthcare). Samples for the detection of phospho-TBK1 
/TBK1, phospho-IRF3/IRF3, and STING/β-actin were run on 
separate gels.

Cytotoxicity assay by Real-Time Cell Analyzer

Cytotoxic effector activity of short-term expanded γδ T-cell 
lines against U251MG and BxPC3 target cells was determined 
by Real-Time Cell Analyzer (RTCA, X-Celligence, ACEA, San 
Diego, CA, USA) which measures the decrease of impedance of 
adherent tumor cells over extended time periods as a correlate 
of cell lysis. RTCA was performed as previously described.39 

Briefly, 104 tumor cells in complete medium were added to each 
well of the micro-E plates. After overnight incubation, γδ effec-
tor T cells were added at an effector/target ratio of 10:1 or 2:1 
with or without STING ligands and/or HMBPP as a positive 
control to enhance TCR-dependent lysis. The impedance of the 
cells was recorded via electronic sensors on the bottom of the 
96-well micro-E-plate every 3 min for up to 48 h. Results were 
analyzed with RTCA software (version 2.0.0.1301, ACEA 
Biosciences Inc.) and normalized as described.39 Results of 
several experiments with different γδ T-cell lines are summar-
ized as percentage of cell death induced by γδ T-cells at various 
time points in relation to the corresponding tumor cell index in 
medium and in Triton-X100 (maximal lysis). Time point zero 
was defined as first measurement after addition of γδ T cells.

Flow cytometry

The following mAb were obtained from BD Biosciences 
(Heidelberg, Germany): anti-CD3-PE/APC/BV605 (clone 
SK7), anti-CD14-FITC/APC (clone MoP9), anti-IFN-γ-PE 

or -PE/Cy7 (clone 4S.B3), anti-TNF-α-PE (clone MAb 11). 
Anti-STING-AF488 (clone 723505) was purchased from 
R&D Systems (Wiesbaden, Germany), anti-Vδ2-FITC 
(clone IMMU389) was obtained from Beckman Coulter 
(Krefeld, Germany), rabbit monoclonal pTBK1-PE 
(#13498S) from Cell Signaling Technology. For cell surface 
staining, 3 × 105 cells were washed, stained in V-bottom 
microtiter plates for 20 min on ice with mAb, washed twice, 
and resuspended in 1% paraformaldehyde. For intracellular 
staining, cells were washed with staining buffer and permea-
bilized using Cytofix/Cytoperm kit (BD Biosciences) before 
staining with fluorochrome-conjugated mAb. Staining for 
intracellular detection of pTBK1 in response to STING 
ligand stimulation was performed using the BD transcrip-
tion factor buffer set. All analyses were measured on 
a FACS-Canto or LSR-Fortessa cytometer (BD 
Biosciences), using DIVA (Data-Interpolating Variational 
Analysis) for acquisition and FlowJo™ v10.6.1 for data 
analysis.

Determination of γδ T-cell expansion

Absolute numbers of viable Vδ2 T cells per microculture well 
were measured after 7 d by a flow cytometry-based method 
termed standard cell dilution assay (SCDA) as described 
previously.40 Briefly, cultured cells from 96-well round- 
bottom plates were washed and stained with anti-Vδ2-FITC 
mAb. After one washing step, cells were resuspended in 
sample buffer containing a defined number of fixed standard 
cells and 0.2 μg/ml propidium iodide (PI). Standard cells were 
purified CD4 T cells that had been stained with APC-labeled 
antibodies, and thereafter had been fixed in 1% paraformal-
dehyde. Based on the known number of standard cells 
(FITC−PI+APC+), the absolute number of viable Vδ2 T cells 
(FITC+PI−) in a given microculture well was determined as 
described previously.40 The gating strategy used in SCDA is 
illustrated in Suppl. Fig. S1a. The expansion rate was calcu-
lated by dividing the number of Vδ2 T cells determined by 
SCDA after 7 d of culture by the number of Vδ2 T cells 
calculated to be present within the starting PBMC responder 
cell population (Suppl. Fig. S1b).

Cell death analysis

Cell death of monocytes was measured using the LIVE/DEAD™ 
Fixable Red Dead Cell Stain Kit (Thermo Fisher Scientific). 
Cell death of γδ T-cell lines was measured by flow cytometry 
following combined annexin V-FITC (Mabtag, Friesoythe, 
Germany) and PI staining. In some experiments, neutralizing 
anti-IFN-β IgG (Invivogen) was added at 5 µg/ml during the 
4 h incubation of γδ T-cell lines.

Measurement of cytokines in cell culture supernatants

IFN-γ, granzyme B (GrB), IFN-β, IL-1β, and CXCL-10/IP-10 
were quantified in cell culture supernatants by ELISA with the 
respective DuoSet ELISA Kits from R&D Systems following the 
manufacturer’s instructions. In each experimental setting, two 
replicates were included.
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Statistical analysis

Statistical comparisons were made between groups using one- 
or two-way ANOVA analysis and Dunnett’s multiple- 
comparison test against respective internal controls. All ana-
lyses were done with the Graphpad Prism version 8 software. 
Levels of significance were set as * p < .05, ** p < .01, *** 
p < .001 and **** p < .0001.

Results

STING ligands inhibit expansion but co-stimulate cytokine 
induction in γδ T cells within PBMC

In an initial set of experiments, we investigated how STING 
ligands modulate the activation of Vδ2 γδ T cells within PBMC 
at the level of cellular expansion and cytokine induction. We 
used predetermined optimal concentrations of ZOL and 
HMBPP for selective activation of Vδ2 T cells.6 ZOL requires 
the presence of monocytes, which then generate the pAg IPP,9 

while HMBPP acts through direct binding to BTN3A1/2A1 
molecules and does not absolutely depend on presence of 
monocytes.5,6 First, we analyzed cellular expansion in the 
absence or the presence of CDN and non-CDN STING ligands 
by measuring the absolute number of viable Vδ2 T cells after 
seven days by flow cytometry. We first performed dose- 
titration experiments of non-CDN ligands MSA-2 and 
diABZI (Suppl. Fig. S2a). The selected concentrations used in 
further experiments (25 µM MSA-2 and 100 nM diABZI) are in 
the range of reported EC50 concentrations.34,35 As expected, 
both HMBPP and ZOL induced strong expansion of 
CD3+Vδ2+ T cells as shown in the representative dot plot in 
Figure 1a. STING ligands including both CDN ligand cGAMP 
and non-CDN ligands MSA-2 and diABZI strongly inhibited 
proliferation of Vδ2 T cells in response to ZOL, while the 
cGAMP control ligand was inactive (Figure 1c). Vδ2 T-cell 
proliferation stimulated by pAg HMBPP was also significantly 
inhibited, even though to somewhat lower levels compared to 
ZOL (Figure 1b). The strong inhibition of ZOL-stimulated γδ 

Figure 1. Inhibition of Vδ2 T-cell expansion by active STING ligands. 1.5 × 105 PBMC per well obtained from healthy donors were stimulated with 10 nM HMBPP or 
2.5 µM Zoledronate in the presence of 50 IU/mL IL-2 and absence or presence of 25 µM MSA-2, 100 nM diABZI, or 10 µg/mL cGAMP/cGAMP control. All cultures were set 
up in duplicates. After 7 d, absolute numbers of viable Vδ2 T cells per well were quantified by standard cell dilution assay (SCDA). (a) Representative dot plots of 
CD3+Vδ2+ T cells after 7 d of activation of PBMC with HMBPP (middle), Zoledronate (right), or medium only (left). Absolute numbers of viable Vδ2 T cells following 
activation of PBMC with HMBPP (b) or Zoledronate (c) in the absence or presence of STING ligands. Mean ± SD of eight to 12 independent experiments are shown. 
Statistical significance: *** p < .001; ns, not significant.
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T-cell expansion was also observed with additional potent 
CDN STING ligands including cAIMP, Rp,Rp, and c-di- 
AMP, but not with the much less active non-adenosine CDN 
STING ligands (c-di-GMP, c-di-IMP) and the inactive control 
ligand c-di-UMP (Suppl. Fig. S2b). Next, we analyzed IFN-γ 
and TNF-α induction in Vδ2 T cells within PBMC activated for 
24 h with STING ligands in the absence or presence of 
HMBPP. Again, we first performed dose titration experiments 
to define optimal concentrations of non-CDN STING ligands 
(Suppl. Fig. S3a) which led us to use 25 µM MSA-2 and 100 nM 
diABZI in all subsequent experiments. The gating strategy for 
analysis of cytokine expression in CD3+Vδ2+ T cells among 
activated PBMC is displayed in Suppl. Fig. S3b. Representative 
histograms are displayed for IFN-γ in Figure 2a and for TNF-α 
in Figure 2c, and a summary of four experiments is shown for 
IFN-γ in Figure 2b and for TNF-α in Figure 2d. Interestingly, 
the non-CDN ligands MSA-2 and diABZI induced significant 
IFN-γ and TNF-α expression in Vδ2 T cells in the absence of 
HMBPP (Figure 2b/d, left-bar diagrams), whereas cGAMP was 
largely ineffective on its own. While all three STING ligands 
significantly co-stimulated IFN-γ induction in the presence of 
the TCR stimulus HMBPP (Figure 2b, right bar graph), TNF-α 
expression was again co-stimulated by MSA-2 and diABZI but 
not by cGAMP (Figure 2d, right bar graph).

Role of monocytes

In mixed cell populations like PBMC, effects of STING ligands 
on γδ T-cell activation might depend on accessory cells such as 
monocytes which play a crucial role in γδ T-cell activation.6,9 

Therefore, we analyzed co-stimulatory effects of STING 
ligands on purified γδ T cells in the absence or presence of 
monocytes. We observed that purified γδ T cells expressed 
STING at low levels but comparable to monocytes, as shown 
by flow cytometric analysis (Suppl. Fig. S4a). Next, we asked if 
STING can be directly activated in γδ T cells by analyzing 
TBK1 phosphorylation in response to STING ligands and 
TCR activation with HMBPP or anti-CD3 mAb. To this end, 
purified γδ T cells were stimulated for 4 h with STING ligands 
MSA-2 or diABZI and/or HMBPP or anti-CD3 mAb. 
Thereafter, pTBK1 was analyzed by flow cytometry. Under 
these conditions, we observed little if any TBK1 phosphoryla-
tion upon HMBPP stimulation but slightly more upon anti- 
CD3 mAb activation (Suppl. Fig. S5a/b/c) while there was no 
TBK1 phosphorylation in response to MSA-2 or diABZI alone 
(Suppl. Fig. S5c, left bar graph). TBK1 phosphorylation in 
response to HMBPP or anti-CD3 mAb activation was strongly 
inhibited in the presence of the specific TBK1 inhibitor BX795 
(Suppl. Fig. S5c). We went on to analyze IFN-γ induction in 
purified γδ T cells stimulated with HMBPP in the absence or 
presence of monocytes and STING ligands MSA-2 or diABZI. 
IFN-γ in 24 h cell culture supernatants was quantified by 
ELISA. As presented in Figure 3a, HMBPP in the absence of 
monocytes stimulated some IFN-γ secretion. In line with the 
lack of STING activation in freshly isolated γδ T cells as 
revealed by pTBK1 analysis (Suppl. Fig. S5), the IFN-γ secre-
tion was not modulated, neither by MSA-2 nor by diABZI. As 
expected, HMBPP stimulated much higher levels of IFN-γ in 
the presence of added monocytes (Figure 3a, right bar graph). 
Under these conditions, both STING ligands significantly co- 

Figure 2. Co-stimulation of cytokine induction in Vδ2 T-cells within PBMC. 4 × 105 PBMC obtained from healthy donors were cultured in the presence of 25 µM 
MSA-2, 100 nM diABZI or 10 µg/mL cGAMP/cGAMP control in medium or in the additional presence of 10 nM HMBPP. After 24 h, monensin was added for 3 h before 
surface staining for CD3 and Vδ2 and intracellular staining for IFN-γ (a,b) or TNF-α (c,d). For analysis, a gate was set on CD3+Vδ2+ cells, and 2.000 events were acquired. 
(a) and (c) representative histograms of one experiment. Black histogram: isotype control; colored histograms in the absence (blue) or presence (red) of HMBPP: IFN-γ 
(a), TNF-α (c). (b) and (d) Mean ± SD of four experiments for IFN-γ (b) and TNF-α (d). Statistical significance: * p < .05, ** p < .01, *** p < .001; ns, not significant.
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stimulated IFN-γ secretion (mean values: diABZI 2.360 pg/mL, 
MSA-2 1.733 pg/mL, medium 1.027 pg/mL), in agreement with 
the results obtained with PBMC (Figure 2).

We previously reported that IL-1β plays a role in monocyte- 
dependent IFN-γ induction in Vδ2 T cells triggered by TLR8 
ligands.41 As shown in Figure 3b, active (but not inactive 
cGAMP control) STING ligands also potently stimulated IL- 
1β secretion in monocytes. Evidence for STING activation in 
monocytes is demonstrated by secretion of IFN type-I path-
way-dependent IP-10 in response to STING ligands but not 
LPS (Figure 3c). On the other hand, purified monocytes did not 
secrete any IFN-γ under our experimental conditions 
(Figure 3d), thus excluding a potential contribution of mono-
cytes to the secretion of IFN-γ in the γδ T-cell/monocyte co- 
cultures shown in Figure 3a. Secretion of mature IL-1β requires 
processing of pro-IL-1β by caspase-1 associated with cell death 
induction by pyroptosis.42 Accordingly, the active STING 
ligands MSA-2, diABZI and cGAMP, but not cGAMP control, 
induced massive cell death in purified monocytes, starting as 
early as 3 h after stimulation and culminating after 24 h 

(Figure 3e). Taken together, STING ligands induce IL-1β secre-
tion and rapid cell death in monocytes which might contribute 
to early cytokine co-stimulation but also to growth inhibition 
in Vδ2 T cells among PBMC.

STING ligands co-stimulate cytokine induction and induce 
cell death in activated γδ T cells
We observed strong STING expression in Vδ2 T-cell lines 
expanded for 14 d with ZOL and IL-2 (Suppl. Fig. S4b and 
Figure 4a). In contrast to resting γδ T cells, MSA-2 and diABZI 
directly activated STING in ZOL-expanded γδ T-cell lines, as 
demonstrated by Western blot analysis for TBK1 and IRF3 
phosphorylation (Figure 4a), and for TBK1 phosphorylation 
also by flow cytometry (Figure 4b). The decreased levels of 
STING expression at 37 kDa and corresponding increased 
levels of higher MW (around 75 kDa) expression upon ligand 
activation reflects STING dimerization.43,44 In line with direct 
activation of STING in expanded γδ T cells, we detected small 
amounts of IFN-β in supernatants of 4 h activated γδ T cells 

Figure 3. Role of monocytes in γδ T-cell co-stimulation. a) 105 purified γδ T cells per microculture well were activated with 10 nM HMBPP in the absence or presence 
of 105 purified monocytes and additional absence or presence of MSA-2 or diABZI as indicated. All cultures were set up in duplicates. After 24 h, cell culture supernatants 
were collected, and IFN-γ was quantified by ELISA. Mean ± SD of four individual experiments. Note that values on the Y-axis are displayed on a logarithmic scale. b,c,d) 
105 purified monocytes were stimulated for 24 h with LPS, diABZI, MSA-2, or cGAMP/cGAMP control. All cultures were set up in duplicates. IL-1β (b), IP-10 (c) and IFN-γ 
(d) in cell culture supernatants were quantified by ELISA. Mean ± SD of five (IP-10), six (IL-1β) or three (IFN-γ) experiments are shown. e) Cell death induction in purified 
monocytes by STING ligands. 105 purified monocytes were stimulated for indicated time periods with STING ligands. Cell death was determined by LIVE/DEAD™ Fixable 
Red Dead Cell Stain Kit. Mean ± SD of three independent experiments. Ligand concentrations in all experiments were 25 µM MSA-2, 100 nM diABZI, 10 µg/mL cGAMP/ 
cGAMP control, and 100 ng/mL LPS. Statistical significance: * p < .05, ** p < .01, *** p < .001 and **** p < .0001. ns, not significant.
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but not after 24 h (Figure 4c). In contrast, we did not detect 
IFN-γ, GrB, IP-10, or IL-1β in the supernatants of expanded γδ 
T-cell lines stimulated for 24 h with STING ligands MSA-2 or 
diABZI only (not shown). However, contrary to purified rest-
ing γδ T cells, both STING ligands did co-stimulate IFN-γ and 

GrB secretion (Figure 4d) in such Vδ2 T-cell lines in the 
presence of HMBPP. Interestingly, the anti-CD3 mAb- 
stimulated IFN-γ and GrB secretion was even reduced in the 
presence of STING ligands when compared to the medium 
controls set as 100% (Figure 4d). However, it should be noted 

Figure 4. STING activation, co-stimulation and cell death induction in short-term expanded Vδ2 T-cell lines. Short-term γδ T cell lines expanded for 14 
d contained ≥ 92% CD3+Vδ2+ γδ T-cells. a) Western blot analysis of STING expression and TBK1/IRF3 phosphorylation in response to STING ligands. Vδ2 T-cell lines were 
activated for 4 h with STING ligands and subsequently processed for Western blot analysis. Results with three different Vδ2 T-cell lines are shown. b) pTBK1 analysis by 
flow cytometry, same conditions as in (a). Left: representative histogram: MSA-2 (blue), diABZI (red); dotted histogram: medium control. Right graph: mean ± SD of four 
experiments. c) IFN-β secretion by STING ligand-activated Vδ2 T cells. Vδ2 T-cell lines were activated with MSA-2 or diABZI for 4 h (left) and 24 h (right). IFN-β in cell 
culture supernatants was measured by ELISA. Mean ± SD of three experiments. d) Vδ2 T-cell lines were cultured in medium or presence of 10 nM HMBPP or immobilized 
anti-CD3 mAb, and additional presence of absence of MSA-2 or diABZI. Supernatants were collected after 24 h and analyzed by ELISA for IFN-γ and GrB. Mean ± SD of six 
experiments. e,f) Vδ2 T-cell lines were cultured for 24 h in medium or with MSA-2 or diABZI as indicated. Cell death was analyzed by Annexin V/PI staining and FACS 
analysis. e) Representative dot plot of Annexin V-FITC and PI staining. f) Mean ± SD of five experiments. Ligand concentrations in all experiments were 25 µM MSA-2 and 
100 nM diABZI. Statistical significance: * p < .05, ** p < .01, *** p < .001 and **** p < .0001.
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that in the absence of STING ligands, anti-CD3 mAb stimu-
lated much higher amounts of IFN-γ and GrB secretion com-
pared to HMBPP (mean values HMBPP: IFN-γ 363 pg/mL, 
GrB 1.695 pg/mL; mean values anti-CD3: IFN-γ 1.741 pg/mL, 
GrB 8.650 pg/mL). While MSA-2 and diABZI co-stimulated 
cytokine secretion as detected in cell culture supernatants, both 
STING ligands induced massive cell death in the activated γδ 
T-cell lines as revealed by flow cytometric analysis of Annexin 
V+/PI+ cells (Figure 4f/g).

Modulation of the tumor cell/γδ T-cell interaction by 
STING ligands

In the next step, we investigated the effects of STING ligands 
on three different PDAC cells (Panc89, BxPC3, PancTU-1) and 
one glioblastoma (U251MG) line. In contrast to the three other 
tumor cell lines, PancTU-1 expressed very low levels of STING 
as revealed by Western blot analysis (Figure 5a). We investi-
gated the direct responsiveness to STING ligands by analyzing 
phosphorylation of key signaling molecules (IRF3, TBK1) and 
secretion of IP-10. Panc89 and BxPC3 responded well to MSA- 
2 and diABZI as revealed by phosphorylation of IRF3 (Western 
blot, Figure 5a) and TBK1 (Western blot, Figure 5a; flow 
cytometry, Figure 5b), and secretion of IP-10 (Figure 5c). 
STING activation in U251MG was less pronounced in all 
three read-out systems, while PancTU-1 were almost unre-
sponsive, in line with their faint STING expression. We did 
not detect IFN-α and/or IFN-β secretion in any of the tumor 
cell lines (not shown). The STING ligands differentially modu-
lated the proliferation as analyzed in the RTCA system. Tumor 
cells were treated for 3 h with ligands, washed, and then plated 
on RTCA plates. After 24 h, Triton-X was added to some wells 
to induce maximum killing, and proliferation was monitored 
over a total of 48 h. As shown in Figure 5d, MSA-2 and diABZI 
slightly delayed the growth of U251MG and BxPC3 cells but 
not of Panc89 and PancTU-1. Next, we investigated how 
STING ligands modulate the killing of tumor cells when 
added together with γδ T effector cells. The result of 
a representative RTCA graph with BxPC3 target cells is 
shown in Figure 6a. It illustrates that there was increased 
tumor cell death (i.e., reduced impedance) at later time points 
in the presence of STING ligands. A summary of six experi-
ments with different short-term expanded Vδ2 T-cell lines at 
E/T ratio of 10:1 and cell death analyzed by RTCA at 6 and 24 h 
time points is presented in Figure 6b. At the early time point of 
6 h, we noticed only moderate effects of the added STING 
ligands. However, when analyzed after 24 h, the presence of 
all three STING ligands significantly increased the killing of 
BxPC3. In the presence of pAg HMBPP, killing was strongly 
increased, both at 6 and 24 h. The increased lysis in the pre-
sence of HMBPP was not modulated by STING ligands. Tumor 
cell lines differ intrinsically in their susceptibility to γδ T-cell 
killing. While PDAC including BxPC3 are moderately sensi-
tive, some glioblastoma lines like U251MG are much more 
sensitive. Using the same high E/T ratio of 10:1, U251MG 
target cells were in fact more efficiently killed than BxPC3 
already after 6 h, which was further enhanced to complete 
lysis (as expected) in the presence of HMBPP (Figure 7a). 
Killing of U251MG cells further increased at 24 h and 48 h, 

but there were only moderate effects of MSA-2 and diABZI at 
the 10:1 E/T ratio. To better dissect potential effects of STING 
ligands, we also performed RTCA assays with U251MG target 
cells at low E/T ratio of 2:1. Lysis of U251MG target cells by 
Vδ2 T-cell lines in the absence of STING ligands or HMBPP 
gradually increased over time, reaching up to 50% after 48 h 
(Figure 7b). The presence of diABZI further increased lysis at 
24 and 48 h. Interestingly, at the early time points of 6 and 24 h, 
both MSA-2 and diABZI STING ligands significantly reduced 
the enhancing effect of pAg HMBPP (Figure 7b).

Discussion

γδ T cells are promising candidates for cellular cancer immu-
notherapy. Adoptive transfer of allogeneic γδ T cells expanded 
from healthy donors is safe and offers the perspective for off- 
the-shelf cellular products.45 Other recent developments to 
harness γδ T cells for cancer immunotherapy include the 
design of bi-specific γδ T-cell engagers, the application of 
agonistic anti-BTN3A1 antibodies for in vivo activation of 
Vδ2 T cells, or the CAR modification of γδ T cells.11,13,46 

However, based on experience with other immunotherapies, 
it is expected that γδ T-cell immunotherapy will require addi-
tional strategies to enhance the efficacy and to counteract the 
immunosuppressive tumor microenvironment.11,14 Along this 
line, STING ligands have attracted much attention as they have 
been shown to promote anti-tumor activity at multiple levels, 
including direct induction of cell death in some tumors,17,23 

modulation of tumor cell antigenicity,24 synergistic action with 
cytokines, chemotherapeutic drugs and checkpoint 
inhibitors,19,21,25,26 and modulation of the tumor microenvir-
onment to enhance CD8 T-cell immunity.18,22,27,47 The recent 
discovery of potent non-CDN ligands which circumvent the 
poor bio-availability of therapeutically administered CDN 
STING ligands has even further spurred the interest.35,36

In our studies, CDN as well as the potent non-CDN STING 
ligands MSA-2 and diABZI strongly inhibited the proliferative 
expansion of Vδ2 T cells when PBMC were activated by ZOL 
or HMBPP in the presence of exogenous IL-2. Simultaneously, 
the STING ligands co-stimulated IFN-γ and TNF-α produc-
tion in Vδ2 T cells within PBMC when analyzed at 24 h after 
activation. Growth arrest of pAg-activated human γδ T cells 
despite CD69 up-regulation triggered by CDN STING ligands 
has been previously reported by Tosolini et al.48 In these 
studies, only adenosine-containing CDN exerted this inhibi-
tory effect that was related to monocyte death induced by the 
adenosine receptor A2a expressed on the surface of 
monocytes.48,49 We now demonstrate that the growth- 
inhibitory effect of STING ligands on human γδ T-cell expan-
sion is not limited to CDN but is at least as strong with diABZI 
and MSA-2, the two newly developed non-CDN STING 
ligands. Similar to CDN, diABZI and MSA-2 potently stimu-
late IP-10 and inflammasome activation (i.e., strong IL-1β 
production) in monocytes but simultaneously induce massive 
cell death which, however, is unrelated to A2a receptor expres-
sion on monocytes. When we analyzed freshly isolated γδ 
T cells, MSA-2 and diABZI co-stimulated IFN-γ secretion in 
response to HMBPP only in the presence of monocytes. In 
such co-cultures, it was important to exclude a potential 
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Figure 5. STING activation in tumor cell lines. PDAC tumor cell lines Panc89, BxPC3, PancTU-1, and glioblastoma line U251MG were activated with STING ligands 
(25 µM MSA-2, 100 nM diABZI, 10 µg/mL cGAMP/cGAMP ctrl). a) Western blot analysis of STING expression and IRF3/TBK1 phosphorylation after 4 h of activation. b) Flow 
cytometry analysis of TBK1 phosphorylation (pTBK1) was measured after 4 h stimulation with MSA-2 (blue histograms), diABZI (red histograms) or medium (black 
histograms). Results of one out of three similar experiments are shown. c) IP-10 production by tumor cells in response to STING ligands. 104 tumor cells were cultured in 
duplicates in flat bottom microtiter plates in the absence or presence of STING ligands as indicated. After 24 h, cell culture supernatants were collected and analyzed for 
IP-10 by ELISA. Mean values of two independent experiments are shown. d) Tumor cell lines were pre-incubated for 3 h with the indicated ligands, washed, and plated 
on RTCA plates (104 cells per well). The impedance was recorded over 48 h. After 24 h, Triton X-100 was added as indicated.
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contribution of monocytes to the measured IFN-γ levels, since 
monocytes have been reported to produce IFN-γ under certain 
conditions.50,51 However, we failed to detect any IFN-γ in 
supernatants of STING ligand-activated monocytes which con-
tained expected levels of IL-1β and IP-10 (Figure 3). In contrast 
to freshly isolated γδ T cells, co-stimulation of IFN-γ and GrB 
secretion in short-term expanded Vδ2 T-cell lines was 
observed also in the absence of added monocytes. Therefore, 
it appears that the responsiveness to STING ligands differs 
between resting and activated γδ T cells even though both 
express the STING receptor.

While STING is commonly considered a critical innate 
sensor, it is also active in T cells beyond in vitro expanded γδ 
T cells as shown here. However, the overall effect of STING 
ligands on T-cell activation depends on parameters like the 
quality and signal strength of the TCR stimulus.52 So far, such 
studies have been mainly performed with the CDN cGAMP 
and the non-CDN DMXAA, which only works in mice. 
Activation of STING inhibits T-cell proliferation in response 

to anti-CD3/anti-CD28 activation in an mTORC1-dependent 
manner.29,43,53 Under appropriate conditions, STING ligands 
including tumor-intrinsic STING ligands also induce apoptosis 
in murine and human T cells.54–56 In line with these reports, we 
also noticed massive cell death of short-term expanded 
Vδ2 T-cell lines in the presence of MSA-2 or diABZI. 
Importantly, we could demonstrate direct activation of 
STING in expanded γδ T cells as revealed by TBK1 and IRF3 
phosphorylation. Furthermore, we also detected IFN-β in 
supernatants of STING-activated Vδ2 T-cell lines at early 
(4 h) but not late (24 h) time points. This is the first demon-
stration that human γδ T cells can actually secrete type I IFN. 
We assume that the IFN-β secreted by STING-activated γδ 
T cells is used in an autocrine fashion, resulting in lack of 
IFN-β in 24 h supernatants. Since type I IFN has been impli-
cated in T-cell apoptosis,57,58 we also analyzed cell death 
induced in Vδ2 T-cell lines by diABZI in the presence of 
neutralizing anti-IFN-β antibody, which, however, did not 
prevent cell death (not shown). Cell death was also not 

Figure 6. Enhancement of γδ T-cell killing of BxPC3 tumor cells by STING ligands. 104 BxPC3 tumor cells per well were plated in duplicates in RTCA plates and 
incubated overnight. Thereafter, 105 short-term expanded Vδ2 T cells were added per well in the absence or presence of 25 µM MSA-2, 100 nM diABZI or 10 µg/ml 
cGAMP, and the additional absence or presence of 1 nM HMBPP (E/T ratio 10:1). The impedance was recorded every 3 min for additional 24 h. Triton X-100 was added to 
induce maximal lysis. a) Representative RTCA graphs to illustrate effects of MSA-2, diABZI and cGAMP. b) The percentage of specific lysis at 6 and 24 h after addition of 
γδ T effector cells was calculated from the RTCA graph. Mean values of six independent experiments with different γδ T cells are shown. Statistical significance: * p < .05, 
** p < .01, *** p < .001 and **** p < .0001. ns, not significant.
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Figure 7. Modulation of γδ T-cell killing of U251MG tumor cells by STING ligands. 104 U251MG tumor cells per well were plated in duplicates in RTCA plates and 
incubated overnight. Thereafter, 105 (E/T ratio of 10:1) or 2 × 104 (E/T ratio of 2:1) short-term expanded Vδ2 T cells were added per well in the absence or presence of 
25 µM MSA-2 or 100 nM diABZI, and the additional absence or presence of 1 nM HMBPP. The impedance was recorded every 3 min for additional 48 h. Triton X-100 was 
added to induce maximal lysis. The percentage of specific lysis at 6 h, 24 h and 48 h after addition of γδ T effector cells was calculated from the RTCA graph. a) E/T ratio 
of 10:1; b) E/T ratio of 2:1. Mean values of six independent experiments with different γδ T cells are shown. Statistical significance: * p < .05, ** p < .01, *** p < .001 and 
**** p < .0001. ns, not significant.
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significantly prevented in the presence of the pan-caspase 
inhibitor Z-VAD-FMK (not shown). Therefore, the molecular 
characterization of cell death pathways triggered in human γδ 
T cells by STING ligands will require further investigation. 
Overall, the results of our in vitro studies with human γδ 
T cells and novel non-CDN STING ligands are largely in line 
with the available evidence that STING mediates mainly inhi-
bitory signals in T cells leading to growth arrest or cell death 
while simultaneously (co-)stimulating cytokine production.

In view of the potential use of STING ligands to boost 
γδ T-cell immunotherapy, we put a focus in our study on 
the modulation of tumor cell killing by γδ T cells. Epithelial 
cancer cell lines (glioblastoma U251MG, PDAC cells 
Panc89, BxPC3, PancTU-1) expressed variable levels of 
STING and responded differentially to STING activation 
as revealed by TBK1 and IRF3 phosphorylation, and IP-10 
secretion. Notably, none of the tumor cell lines secreted 
type I IFN in response to STING ligands, which is in line 
with a previous analysis of various epithelial cancer cell 
lines.59 We observed that MSA-2 and diABZI had a direct 
effect on U251MG and BxPC3 cells by slightly retarding 
their growth kinetics as revealed in RTCA, without indu-
cing cell death (not shown). However, there was no corre-
lation between growth retardation, TBK1/IRF3 
phosphorylation, and IP-10 secretion. Thus, Panc89 cells 
showed stronger TBK1 phosphorylation and IP-10 secretion 
but little if any effect on growth patterns in response to 
diABZI in comparison to U251MG, whereas the strong 
STING activation correlated with growth retardation in 
BxPC3 cells. On the other hand, PancTU-1 expressed low 
levels of STING and showed hardly any functional response 
to the STING ligands. These results with only a limited 
number of different cancer cell lines underscore the varia-
bility of transformed cells with respect to the activation of 
the tumor-intrinsic STING pathway, spanning from no 
response to growth arrest, modulation of antigenicity, and 
cell death induction.17,19,23,24,60 This heterogeneity of con-
sequences of tumor-intrinsic STING activation is certainly 
one of the parameters to be considered in promoting 
STING agonists as cancer therapeutics.54,61

The modulation of γδ T-cell mediated tumor cell killing by 
STING ligands was investigated with U251MG and BxPC3 
target cells that responded to STING activation as discussed 
above. The RTCA system allowed us to monitor tumor cell 
lysis over extended time periods (Figure 6a) but also to calcu-
late the percentage of specific lysis at selected time points. At 
the E/T ratio of 10:1, the two tumor targets differed substan-
tially in their susceptibility. Strong killing of U251MG was 
recorded already after 6 h, and was further enhanced after 
24 h and 48 h. The additional TCR activation by HMBPP 
further increased killing to almost complete lysis already after 
6 h, whereas the addition of STING ligands only moderately 
modified but tended to slightly reduce tumor cell killing at 6 h 
and 24 h. To dissect the STING effects further, we also used 
lower E/T ratio of 2:1 with U251MG target cells. Under these 
conditions, the STING ligands enhanced killing in the absence 
of HMBPP, but actually decreased lysis at the 6 h and 24 h time 
points in the presence of HMBPP. The advantage of the RTCA 
system is that the dynamics of the tumor target and effector cell 

interaction can be monitored over extended time periods as 
also shown here. While these results reveal a complex modula-
tion of the killing of a γδ T-cell sensitive target cell by STING 
ligands, the underlying mechanisms need to be investigated in 
more detail in future studies.

In contrast to U251MG, STING ligands significantly 
enhanced the lysis of BxPC3 target cells at the E/T ratio of 
10:1 after 24 h. Like with other PDAC cells, the susceptibility of 
BxPC3 to γδ T-cell killing per se is moderate but can be 
strongly enhanced by additional TCR activation with pAg or 
tumor-targeting bispecific antibodies.62,63 In line, HMBPP 
enhanced the lysis of BxPC3, but this was not further modu-
lated by STING ligands. While only representative tumor tar-
get cells were analyzed here, our research nevertheless reveals 
the possible range of effects of novel and therapeutically applic-
able STING ligands on the modulation of tumor cell killing by 
Vδ2 γδ T cells. Our results indicate that STING ligands per-
haps have limited capacity to enhance killing of cancer cells, 
which are intrinsically susceptible to γδ T cells, but might 
significantly enhance the effector activity of γδ T cells against 
less susceptible tumor cells in the absence of γδ T-cell selective 
(phospho)antigens.

We investigated effects of STING ligands on γδ T-cell 
activation and on tumor cell lysis, but did not address 
additional cellular components of the tumor microenviron-
ment. From a therapeutical perspective, the intratumoral 
application of STING ligands is the most effective. Local 
injection of STING ligands can repolarize macrophages47 

and is effective in murine tumor models also in various 
combination protocols.64,65 Given that such studies are on- 
going in patients with various tumors,66,67 the potential 
activation of intratumoral γδ T cells by local application 
of STING ligands is of great interest and needs to be 
addressed in future studies.

Our current study focused on human γδ T cells because 
of the ongoing efforts to apply γδ T cells to cancer 
immunotherapy.11 We are aware of the limitations of 
such in vitro experiments. The role of γδ T cells in 
immune surveillance and control of tumor development 
has been convincingly demonstrated in mouse models, 
notably with γδ T-cell deficient TCRδ−/− mice.68 Mice 
are amenable to genetic manipulation, and it will be 
informative to investigate the potential interplay of 
STING ligands with tumor development and γ∂ T-cell 
activation in suitable mouse tumor models. To this end, 
TCRδ−/− mice but also mice with selective inactivation of 
STING or IFNαR1 in γδ T cells will help to gain more 
mechanistic insights. This notwithstanding, it must be 
emphasized that no mouse model can adequately reflect 
the anti-tumor activity of human Vγ9Vδ2 γδ T cells 
because mice lack the equivalent of a phosphoantigen- 
recognizing γδ TCR.1

Conclusions

Our results reveal the complexity of STING ligand effects 
on human γδ T cells, which (co)stimulate cytokine induc-
tion and enhance cytotoxicity in a tumor cell-selective 
way but inhibit γδ T-cell expansion and induce cell 
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death in expanded γδ T cells. Taking this in consideration 
will help to define conditions where novel STING ligands 
will help to improve γδ T-cell immunotherapy.

Abbreviations

BTN butyrophylin
CDN cyclic dinucleotide
GrB granzyme B
HMBPP (E)-4-Hydroxy-3-methyl-but-2-enyl pyrophosphate
IFN interferon
IPP isopentenyl pyrophosphate
pAg phosphoantigen
PBMC peripheral blood mononuclear cells
PDAC pancreatic ductal adenocarcinoma
RTCA Real Time Cell Analyzer
SCDA standard cell dilution assay
STING Stimulator of Interferon Genes
TCR T-cell receptor
ZOL Zoledronate
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