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Abstract

Activation of the stimulator of interferon genes (STING) pathway promotes antitumor immunity 

but STING agonists have yet to achieve clinical success. Increased understanding of the 

mechanism of action of STING agonists in human tumors is key to developing therapeutic 
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combinations that activate effective innate antitumor immunity. Here, we report that malignant 

pleural mesothelioma cells robustly express STING and are responsive to STING agonist 

treatment ex vivo. Using dynamic single-cell RNA sequencing of explants treated with a STING 

agonist we observed CXCR3 chemokine activation primarily in tumor cells and cancer-associated 

fibroblasts, as well as T-cell cytotoxicity. In contrast, primary NK cells resisted STING agonist–

induced cytotoxicity. STING agonists enhanced migration and killing of NK cells and mesothelin-

targeted chimeric antigen receptor (CAR)-NK cells, improving therapeutic activity in patient-

derived organotypic tumor spheroids. These studies reveal the fundamental importance of using 

human tumor samples to assess innate and cellular immune therapies. By functionally profiling 

mesothelioma tumor explants with elevated STING expression in tumor cells, we uncovered 

distinct consequences of STING agonist treatment in humans that support testing combining 

STING agonists with NK and CAR-NK cell therapies.
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Introduction

Activation of innate antitumor immunity, including the stimulator of interferon genes 

(STING) pathway, can overcome barriers to immunotherapy response such as immune 

exclusion and exhaustion. STING agonist clinical development has focused primarily on 

myeloid-cell priming of CD8+ T cells that reject transplanted mouse syngeneic tumors 

(1–3). However, STING activation induces stress, cell-cycle arrest, and death in T cells 

(4–6), which may limit its clinical activity. Human tumors also undergo months to years of 

immune editing (7), rendering cross-species extrapolation of STING-induced, T cell–killing 

mechanisms tenuous. Despite these limitations, mouse studies have explored the complex 

interplay of STING signaling in the tumor immune microenvironment (TIME), identifying 

novel effector mechanisms including NK cells and juxtaposing the importance of immune-

cell versus tumor-cell STING activity (2,8–11).

Advances in studying the human TIME using patient samples allow for development of 

immune therapies by treating patient-derived organotypic tumor spheroids (PDOTS) and 

tissue fragment explants in short-term culture (12,13). To date, these platforms have been 

used mainly to study anti–PD(L)-1 immune checkpoint inhibitors and can parallel patient 

response, but they also offer promise in designing novel cancer immunotherapies. In contrast 

to patient-derived xenografts grown in humanized mice, these systems provide the ability 

to interrogate the immune response within the native human tumor immune contexture 

and have the potential to allow the study of cell therapies without interference from the 

murine microenvironment. Furthermore, insights gained from modeling the direct human 

TIME may also help to close the translational gap for immune therapies that are effective in 

syngeneic mouse models but fail in clinical trials.

Multiple types of human cancer have recently been shown to silence STING and the 

downstream interferon response to avoid immune detection (14–16), demonstrating an 
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important role for tumor-cell STING signaling in human cancer. In addition, higher STING 

expression correlates with better response to treatment across cancer types (17–20). Yet how 

STING agonists impact tumor cells and different cell types in the human TIME has not been 

carefully examined and such information could inform development of novel therapeutic 

combinations, including cell therapy. Here, we address this question by pursuing a large-

scale study using PDOTS and developing methodology to conduct dynamic single-cell RNA 

sequencing in tumor explants, as well as dissecting STING agonist response in an inflamed 

histotype.

Materials and Methods

No sample size calculations were performed to predetermine group sizes, and investigators 

were not blinded during randomization and outcome assessments.

Patient samples

Formalin-fixed, paraffin-embedded (FFPE) tissue-microarray slides from patients with 

small-cell lung carcinoma (SCLC), non–small cell lung carcinoma (NSCLC), and thymoma 

(with normal thymus) were purchased from Biomax (LC245, LC817, LC2081, THY761) 

and used exclusively for STING immunohistochemistry (IHC) in Fig. 1A. In addition, 

FFPE slides were collected from DFCI/BWH patients with SCLC (n=58), malignant pleural 

mesothelioma (MPM) (n=68), and benign pleura (n=9) under Dana-Farber/Harvard Cancer 

Center protocols 02–180 and 98–063. Sections of normal brain, liver, and lung were 

analyzed from metastases to these organs. These IRB-approved protocols invite all patients 

seen in clinic to participate in tumor tissue collection/banking. Tumors from patients with 

MPM treated at DFCI/BWH between December 2014 and October 2021 were collected 

after surgery under protocol 98–063. FFPE tissue was used for IHC as above. Fresh tumor 

tissue (refrigerated but not frozen and studied within 24-hours of collection) was used for 

the flow cytometry experiments in Fig. 1B–D. A total of 66 samples were analyzed by 

flow cytometry between 2014 and 2021; as new immune checkpoints were identified the 

flow panel was expanded leading to different total numbers of patients for each checkpoint 

analyzed in Fig. 1B–D. A total of 37 MPM tumors were treated with STING agonists 

ex vivo in Figs. 2–5 (Supplmentary Table S1). Limited demographic information was 

available for these patients and is included in Supplementary Tables S1 and S2. Neoadjuvant 

therapy consisted of platinum/pemetrexed. One patient (#6) received neoadjuvant checkpoint 

immunotherapy. For a comparison with NK cells from MPM, NK cells were tested by flow 

cytometry of blood collected from patients with head & neck squamous cell carcinoma 

or oral proliferative verrucous leukoplakia (n=20) under protocols 17–255 and 18–387 

(Fig. 1D). There was unspecified overlap between the patient samples analyzed by IHC, 

flow cytometry, and ex vivo treatment, as investigators were blinded to patient information 

organized by study staff. All patient studies were conducted according to the Declaration 

of Helsinki and approved by DFCI and BWH institutional review boards. Written informed 

consent was obtained from all patients whose tumors were studied.
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Immunohistochemistry

IHC staining for STING and phospho-IRF3 was performed on the Leica Bond III automated 

staining platform. The antibody specific for STING (Cell Signaling Technology #13647, 

clone D2P2F) was run at 1:50 dilution using the Leica Biosystems Refine Detection Kit 

(#DS9800) with citrate antigen retrieval. The antibody specific for phospho-IRF3 (Cell 

Signaling Technology #29047, clone D6O1M) was run at 1:100 dilution using the Leica 

Biosystems Refine Detection Kit (# DS9800) with EDTA antigen retrieval (n=31). This was 

optimized from a range of dilutions from 1:50 to 1:200 and comparison of citrate vs. EDTA 

antigen retrieval on MPM cell lines treated in vitro with 50 μM ADU-S100 (Chemietek 

#CT-ADUS100) for 24-hours prior to paraformaldehyde fixation and paraffin embedding. 

STING IHC staining was quantified using the QuPath software (version 0.2.3) (21). Positive 

Pixel Detection analysis was used with default settings for DAB staining to detect and 

quantify positive pixels in each of three individual, randomly selected fields per tumor, 

which were then averaged. Phospho-IRF3 levels were too low to quantify systematically 

with this software.

Flow-cytometric immune profiling

Fresh tumors were mechanically and enzymatically disaggregated in dissociation buffer 

consisting of RPMI (Life Technologies 72400120) +10% fetal bovine serum (FBS; HyClone 

SH30088.03), 100 U/ml collagenase type IV (Life Technologies #17104019), and 50 μg/ml 

DNase I (Roche #10104159001). The suspension was incubated at 37°C for 45 minutes 

and then further mechanically dissociated. Red blood cells were removed from samples 

using red blood cell lysis buffer (Biolegend 420301). Samples were pelleted and then 

resuspended in fresh RPMI +10% FBS and strained through a 40μm filter. Cells were 

incubated with the Live/Dead Zombie NIR (Biolegend 423105) for 5 minutes in the dark 

at room temperature. Fc receptors were blocked prior to surface antibody staining using 

Human TruStain FcX Blocking Reagent (Biolegend 422301). Cells were stained with 

antibodies (see Supplementary Table 3) for 15 minutes on ice in the dark and washed 2x 

with PBS + 2% FBS. Cells were analyzed on a BD LSRFortessa with FACSDiva software 

(BD Biosciences). Data were analyzed using FlowJo software version 10.5.3. Representative 

dot plots and gating strategies are shown in Supplementary Fig. S1.

Patient-derived organotypic tumor spheroids (PDOTS)

PDOTS were generated as previously described (12,22). Briefly, fresh MPM tumor 

specimens (n=37; Supplementary Tables S1 and S2) were minced in a 15 mL falcon tube 

in prewarmed to 37°C full media (DMEM from Thermo Fisher Scientific #10013CV + 

10% FBS) + 100 U/mL collagenase type IV (Thermo Fisher Scientific #17104019) and 

50 μg/mL DNase I (Roche #10104159001) for approximately 20 minutes using sterile 

scissors and pipetting. Dissociated material was strained over 100-μm filter and 40-μm filters 

to generate S1 (>100 μm), S2 (40–100 μm), and S3 (<40 μm) spheroid fractions, which 

were subsequently maintained in ultralow-attachment (ULA) tissue culture plates (Corning). 

S1 fractions were treated with 50 μM ADU-S100 for cytokine analysis and single-cell 

RNA sequencing (scRNA-seq) (see below). S2 fractions were used for ex vivo culture by 

resuspending them in type I rat tail collagen (Corning #354236) at a concentration of 2.8 
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mg/mL prior to loading into the center gel region of the 3-D microfluidic culture device 

(AIM Biotech #DAX-1) and incubation for 40 minutes at 37°C in humidity chambers to 

allow for polymerization. Collagen hydrogels containing PDOTS were hydrated with media 

with or without indicated treatments. TAK-676 was provided by Takeda (23) and diluted 

in dH20. Recombinant human IFNβ (100 ng/mL; R&D Systems #8499-IF) was used as a 

positive control downstream of STING for STAT1 pathway activation. CD8a was blocked 

with 50 μg/mL InVivoMAb antibody (Bio X Cell #BE0004–2) vs. IgG control (Bio X Cell 

#BE0092). CXCR3 was blocked with 5 μg/mL human CXCR3 antibody (R&D MAB160).

PDOTS immunofluorescence and live/dead quantification

Dual labeling was performed by loading microfluidic devices with Nexcelom ViaStain 

acridine orange/propidium iodide (AO/PI) Staining Solution (Nexcelom #CS2–0106) or 10 

μg/mL solution of Hoechst 33342 (Thermo Fisher Scientific #H3570) and 1 μg/mL solution 

of PI (Thermo Fisher Scientific #P3566). Following incubation with the dyes (20 minutes 

at room temperature in the dark for AO/PI or 45 minutes for Hoechst 33342/PI), images 

were captured using 4x objective of a Nikon Eclipse 80i fluorescence microscope equipped 

with automated motorized stage (Proscan), Z-stack (Prior), and Zyla 5.5 sCMOS camera 

(Andor). Image capture and analysis were performed using NIS-Elements AR software 

package version 5.00.00 64-bit. Live and dead cell quantitation was performed by measuring 

total cell area of each dye. For additional immunofluorescence studies, PDOTS were washed 

with PBS and blocked with FcR blocking reagent (Miltenyi #130–059-901) for 30 minutes 

at room temperature. Directly conjugated antibodies CD326 EpCAM-AlexaFluor647 (clone 

9C4, BioLegend), CD45-AlexaFluor647 (HI30, BioLegend), and mesothelin-PE (clone 

REA1057, Miltenyi) were diluted 1:50 in 10 μg/mL solution of Hoechst 33342 in PBS 

and loaded into microfluidic devices for 1-hour incubation at room temperature in the 

dark. Spheroids were washed twice with PBS with 0.1% Tween20 followed by PBS. For 

viability assessment, microfluidic devices were loaded with 1:1,000 solution of calcein AM 

(Thermo Fisher Scientific #C34858) in PBS. For IRF3 immunofluoresecence (IF) analysis, 

PDOTS were treated for 3 hours with dH20 control or 50 μM ADU-S100, washed with PBS, 

fixed with 4% paraformaldehyde for 15 minutes, and permeabilized with 0.1% Triton-X 

for 10 minutes. Cell Signaling Antibody #11904 (clone D6I4C) was diluted 1:50 in PBS 

and incubated for 45 minutes, washed, and subsequently incubated in FITC-conjugated 

anti-rabbit secondary antibody (Thermo Fisher Scientific #A27034) diluted 1:100 for 30 

minutes. PDOTS were washed twice with PBS containing 0.1% Tween20 and counterstained 

with 1μg/mL solution of Hoechst 33342. Images were captured as mentioned above for 

live/dead dual staining, using 20x objective.

Cytokine analysis

CXCL10 ELISA (R&D Systems DIP100) and granzyme B ELISA (R&D systems DY008) 

were performed according to the manufacturer’s instructions on conditioned media collected 

from cell culture. Cytokine analysis of conditioned media after 3 days of explant (S1) 

culture utilized the MSD U-PLEX Viral Combo 1 assay (Hu: K15343K-2), which was 

performed according to manufacturer’s instructions.
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2’3’-cGAMP ELISA

The Cayman Chemical 2’3’-cGAMP ELISA kit (#501700) was used according to 

manufacturer’s instructions to detect levels of 2’3’-cGAMP in the supernatant of MPM 

cell lines. For these experiments, 3–5 ×105 cells were first plated in a 6-well plate and 

transfected with 1μg poly (dG:dC) (Invivogen #tlrl-pgcn) using X-tremeGENE HP DNA 

Transfection Reagent (Sigma Aldrich #6365787001) combined with Opti-MEM Reduced-

Serum media (Thermo Fisher Scientific #31985070) for a 30 minute incubation. 2’3’-

cGAMP (Invivogen #tlrl-nacga23–1) was used as a positive control.

Cell Culture

MPM cell lines were obtained in 2020 and cultured in RPMI-1640 (Thermo Fisher Scientific 

#11875–119) supplemented with 10% FBS. MPM cell lines were not authenticated recently. 

H226, H28, MSTO-211H, H2452 and H2052 were purchased from ATCC. MS428 was 

provided by the laboratory of Dr. William Richards at Brigham and Women’s Hospital. 

H2461 and H2591 were provided to Dr. Pasi Jänne by the NIH (24). JMN1B (25) and 

MS589 (26) were derived at BWH/DFCI and shared internally by Dr. Richards with 

permission. For NK-cell experiments described below, HEK-293 and Jurkat cells were 

purchased from ATCC. HEK293 were cultured in DMEM supplemented with 10% FBS, 1% 

Penicillin-Streptomycin (Thermo Fisher Scientific #15140–163), 1% L-Glutamine (Thermo 

Fisher #25030149) and HEPES (Thermo Fisher #1344041). Jurkat cells were cultured in 

RPMI-1640 supplemented with 10% FBS, 1% Penicillin-Streptavidin, 1% Glutamine and 

HEPES. For 3D vessel experiments detailed below using human umbilical vein endothelial 

cells (HUVECs; C2519AS, Lonza), cells were cultured in Vasculife (Lifeline #LL-0003). 

All experiments were performed before reaching 10 passages. Mycoplasma infection was 

regularly checked by PCR using the conditioned media derived from each cell line with 

primers as previously described (15).

Immunoblotting

Cells were lysed in RIPA buffer containing 1x protease inhibitors (Roche, 11–836-145–

001) and phosphatase inhibitors (50 mmol/L NaF and 100 mmol/L Na3VO4; Sigma 

Aldrich #201154 and #450243, respectively). Immunoblotting was performed as previously 

described (15) using the antibodies listed in Supplementary Table 3. Secondary antibodies 

were from LI-COR Biosciences: IRDye 680LT Goat anti-Mouse IgG (#926–68020) and 

IRDye 800CW Goat anti-Rabbit IgG (#926–32211). Imaging of blots and was performed 

using the LI-COR Odyssey system.

Dynamic single-cell RNA sequencing and data analysis

Our previously published protocol (27) was adapted to test S1 explants from MPM PDOTS. 

The sample tested (#26) demonstrated baseline viability of 63% and 18-hour cytokine 

release in response to treatment. After 24 hours of treatment with ADU-S100 in a ULA 

dish, tumor spheroids were digested with trypsin in a 37°C incubator for 5 minutes to obtain 

single-cell suspensions. Cells were loaded onto a 10x chromium instrument (10x Genomics) 

per the manufacturer’s instructions. ScRNA libraries were generated using the single cell 

3′ reagent kit (10x Genomics #PN-1000268) per the manufacturer’s instrctions. Quality 
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control of the completed libraries was performed using a bioanalyzer high sensitivity DNA 

kit (Agilent #5067–4626) and then sequenced using the Illumina NextSeq 500 platform.

Raw sequencing reads were processed using the 10x Genomics CellRanger bioinformatics 

pipeline v6.0.1. The assembled matrix was then fed into the standard workflow of the 

R package, Seurat v4.0.4. Genes that were expressed in at least 3 cells, and only cells 

that expressed at least 2 genes, were kept for downstream processing. Additionally, cells 

expressing more than 7,000 genes and cells with more than 10% of unique molecular 

identifiers (UMIs) mapping to mitochondrial genes were removed from the analysis. All the 

samples were prepared and sequenced together on the same platform.

The filtered matrix was log-normalized using global scaling in Seurat. UMI and 

mitochondrial transcript content were used as regression parameters. The normalized matrix 

was scaled and centered gene-wise, and then underwent dimensionality reduction using 

principal component analysis (PCA) on the highly varying genes. After visual inspection of 

the PCA elbow plot, the top 10 principle components (PCs) were chosen for further analysis. 

Clustering was performed on the chosen PCs using the shared nearest neighbor algorithm in 

Seurat with default parameters.

A Uniform Manifold Approximation and Projection (UMAP) map was computed and 

plotted with the DimPlot module of Seurat. Cluster differential expression analysis was 

performed in Seurat using the FindMarkers command using the Wilcoxon rank sum test 

without thresholds. Contour plots overlayed onto UMAPs were generated with R package 

ggplot2 (28).

Cell types were identified based on comparative analysis with signatures published 

previously (29–32), as well as marker genes identified in this study, which were used to 

remove genes ubiquitously expressed across cell subpopulations. Collagen-encoding genes 

were added to the fibroblast signature. The list of gene signatures used for enrichment 

analysis is provided in Supplementary Table 4.

Isolation of tumor-infiltrating lymphocytes (TILs)

TILs were isolated from lung cancer patient specimens (n=3; Supplementary Table S1) 

under IRB protocol 02–180 and filtered as described above for PDOTS. The S3 fraction 

was expanded using T-cell growth medium (TCGM): RPMI-1640 with L-glutamine, 1% 

Penicillin-Streptomycin solution, 1mM Na Pyruvate (Thermo Fisher Scientific #J61840.22), 

0.0375% Na Bicarbonate (Thermo Fisher Scientific #25080094), 50nM mercaptoethanol 

(Thermo Fisher Scientific #21985023), 10% Human AB Serum (Sigma Aldrich #H4522–

100ML) and 6000U/mL IL2 (Miltenyi #130–097-746) in a 24-well plate and split 1:2 every 

other day over a period of 8–10 days. Upon expansion they were frozen/stored in liquid 

nitrogen.

Expansion and transduction of primary T cells

Peripheral blood mononuclear cells (PBMCs) were obtained from healthy donors after 

informed consent and isolated by using Ficoll density centrifugation. Isolated PBMCs were 

activated with TransAct (1:100, Miltenyi #130–111-160) in complete medium (RPMI-1640 
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supplemented with 10% FBS, in the presence of IL2 at 10ng/ml). Two days after activation, 

the T cells were lentivirally transduced by spinoculation with the BCMA CAR virus (1% 

virus volume) in the presence of Lentiboost (1:100, Sirion Biotech). The BCMA CAR 

sequence has been previously described (33) and was cloned into the pHAGE lentiviral 

vector (a gift from the laboratory of Dr. Darrell Kotton at Boston University; Addgene 

plasmid #24526) and the generated plasmid was subjected to sequencing verification. For 

packaging and production of lentivirus particles, 293 Lenti-X packaging cells (Takara) 

were seeded into a 15 cm plate (8 × 106 cells/plate) for 24h, then transfected with 

plasmids encoding CAR, pMD.2 G encoding VSV-G envelope, and a packaging vector 

psPAX2 using PEI transfection reagent (Polysciences #23966). Virus supernatants were 

harvested at 24 hours and 48 hours after transfection, filtered through a 0.45 μm membrane, 

and concentrated by ultracentrifugation and stored at −80°C prior to transduction. After 

transduction, T cells were expanded with cytokines, IL2 (10ng/ml), IL7 (3ng/ml; #130–

095-361), and IL15 (10ng/ml; Miltenyi #130–095-762), in RPMI-1640 supplemented 

10% FBS, and their transduction efficiency was determined by FACS three days after 

transduction using a BCMA protein conjugated to PE (Acro Biosystems #BCA-HP2H2).

Expansion and transduction of primary NK cells

For experiments using unmanipulated primary NK cells, CD56+CD3− NK cells were 

expanded from human PBMCs (Lonza #4W-270) using the CellXVivo Human NK 

Cell Expansion Kit (R&D Systems #CDK015). Following 14 days of expansion, cells 

were transitioned to culture in CTS OpTmizer T-cell expansion media (Thermo Fisher 

#A1048501) supplemented with 5% human AB serum, 1% GlutaMAX (Thermo Fisher 

#35050061), 1% HEPES, and 1% Penicillin-Streptomycin in the presence of IL2 (200 U/mL 

for flow cytometry experiments, 500U/mL for killing experiments including PDOTS).

For experiments using transduced and control-processed primary NK cells, the NK cells 

were extracted from whole blood leukapheresis using RosetteSep (StemCell technologies) 

and Ficoll-Paque density gradient centrifugation under the approved Crimson Study protocol 

T0197. The isolated NK cells were inspected for purity and cultured for 2 days in 

RPMI supplemented with 10% heat-inactivated (HI)-FBS (Thermo Fisher #10082147), 1% 

Penicillin-Streptomycin, 2 mM L-Glutamine and HEPES in the presence of IL15 (1 ng/

mL). Isolated NK cells were subsequently transduced as below or cultured in NK MACs 

media (Miltenyi #130–114-429) supplemented with 5% human serum and 1% v/v Penicillin-

Streptomycin in the presence of IL2 (500 U/mL).

An anti-mesothelin CAR was custom synthesized by Integrated DNA Technologies in a 

pHIV backbone with the mesothelin-specific ScFv derived from YP218 antibody, followed 

by transmembrane domain and co-stimulatory domains (4–1BB and CD3ζ) as previously 

described (34,35) (Supplementary Fig. S2). The construct also contains EGFP fragment 

separated from the CAR fragment by self-cleaving P2A. The CAR gene construct was 

packaged into BaEV-pseudotyped lentiviral system by transfecting HEK-293 cells with 

pCMV-BaEV, pCMV-Δ8.9 and pAdv plasmids as previously described (36). The viral 

particles were titrated using Jurkat cells. Assuming a multiplicity of infection (MOI) of 

1 for Jurkat cells, the viral titers were calculated to transduce NK cells with MOI of 10. NK 
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cells were transduced using Retronectin (Takara Bio #T100B) and vectofusin-1 (Miltenyi 

#130–111-163) followed by spinfection +/− active lentivirus (cNK control without virus) 

two days after extraction and subsequently cultured in NK MACs media supplemented 

with 5% human serum and 1% Penicillin-Streptomycin in the presence of IL2 (500 U/mL; 

Miltenyi). The percentage of NK cells expressing CAR was determined via flow cytometric 

analysis of GFP and surface expression of ScFv using APC-conjugated Human agglutinin 

(HA).

Immune cell toxicity assays

For flow cytometry immune cell toxicity assays, primary NK cells and TILs were seeded 

at 200,000 cells per well (NK or TILs alone or 1:1 with 100,000 cells of each type) in 

a 96-well plate alone or in co-culture and treated with 10 μM or 50 μM ADU-S100 or 

dH20 control with or without IL2 (Miltenyi or PeproTech) at the indicated concentrations 

for 72 hours. Following treatment, samples were stained with antibodies specific for CD45, 

CD3, CD4, CD8, and CD56 (Supplementary Table 3), as well as Zombie Green live/dead 

(Biolegend #423111) and analyzed by flow cytometry as described above. Data were 

analyzed using FlowJo software version 10.5.3. As an orthogonal measure of viability, 

CellTiter-Glo was performed on primary T-cells and NK cells as below.

CellTiter-Glo luminescent cell viability assay

Cell viability was assessed using the CellTiter-Glo Luminescent Cell Viability assay 

(Promega, G7571) according to the manufacturer’s instructions. For untransduced primary 

T cells and BCMA CAR T cells, 25,000 cells per well were seeded in a 96-well plate and 

treated with ADU-S100 or dH2O as control for 24 hours at the indicated concentrations. 

For NK cells, 25,000 cells per well were seeded and treated with ADU-S100 or dH2O as 

control for 24 hours at the indicated concentrations. For MPM cell lines, 10,000 cells per 

well (MS428) or 12,500 cells per well (H2461, H2591) were seeded and treated with 50μM 

ADU-S100 or media as control for indicated times. All conditions were tested in triplicate 

and plates were read on a Tecan Infinite Mplex Microplate Reader.

Autophagy Staining

Autophagy was assessed by vacuole staining to identify autophagolysosomes using 

the CYTO-ID Autophagy detection kit 2.0 (Enzo ENZ-51031–0050) according to the 

manufacturer’s instructions. Briefly, 5 × 105 isolated primary NK cells or TILs were 

incubated in T-cell growth media (TCGM) with 500U/mL IL2, which was refreshed every 

time the media was changed to ensure proper growth and selection. Chloroquine (CLQ) 

from the kit (Enzo 51005-CLQ) was used starting at the recommended initial dose of 10μM 

compared with DMSO control. After 24 hours the media was changed, and the cells were 

treated for another 24 hours with CLQ + 10μM ADU-S100. The media was collected, and 

flow cytometry was performed after staining following manufacturer’s instructions with 

CYTO-ID Green Detection Reagent 2.
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NK cell–killing assay

Target cells (MPM cell lines) were detached via trypsinization, labelled with CellTrace 

Violet (CTV; Thermo Fisher Scientific #C34571) and then seeded in a 96-well plate at a 

cell density of 25,000 cells per well. Target cells were allowed to adhere for 12–16 hours 

and NK or mesothelin-targeted CAR-NK cells were then added at different effector to target 

(E:T) ratios (1:1, 2:1, 5:1 and 10:1) with or without ADU-S100 (50 μM). After 6 hours of 

co-culture, the cells were harvested and incubated with an antibody for the apoptosis marker 

Annexin V (PE; Biolegend #640947) and the live/dead stain 7-AAD (Biolegend #420404). 

Cells were analyzed on a BD LSRFortessa with FACSDiva software (BD Biosciences). Data 

were analyzed using FlowJo software version 10.5.3. The apoptotic cells were evaluated by 

gating on the CTV+ population and represented as percentage live or dead (late apoptotic) 

cells. Apoptotic cell analysis was conducted using NK cells extracted from as many as 4 

different healthy donors per target MPM cell line to incorporate baseline donor variability.

NK cell–infiltration assay

Immune cell infiltration was assessed as previously described (15,37). Briefly, mesothelioma 

cancer cell spheroids (H2591, H2461, H226) were generated by seeding 5 × 105 cells in 

suspension in a ULA dish for 24 hours. H226 cells were treated with 50 μM ADU-S100 

during the final 6 hours of spheroid formation to establish a cytokine gradient. Samples were 

then pelleted and resuspended in type I rat tail collagen at a concentration of 2.5 mg/mL 

following the addition of 10x PBS with phenol red and pH adjustment using NaOH. pH 7.0–

7.5 was confirmed using PANPEHA Whatman paper (Sigma-Aldrich). Cells and collagen 

were kept on ice to prevent polymerization. The spheroid–collagen suspension was then 

injected into the central gel region of the 3D DAX-1 microfluidic cell culture chip (AIM 

Biotech). Microfluidic devices were utilized as previously described (22), with a central 

region containing the cell–collagen mixture in a 3D microenviroment (3 × 104 cells H2591 

and H2461, 2 × 104 cells H226 in 10 μL), flanked by 2 media channels. After injection, 

collagen hydrogels containing cells were incubated for 40 minutes at 37°C in humidity 

chambers, then hydrated with culture media, with labeled primary NK cells (E:T ratio 2:1) 

added to one of the side channels. Primary NK cells were labeled with Cell Tracker Red 

(Thermo Fisher Scientific #C34552) following the manufacturer’s instructions. After 96 

hours of incubation, viability staining of cancer cell spheroids and infiltrated immune cells 

was performed (20-minute incubation with 1μg/mL solution of Propidium Iodide). For the 

experiment with the CXCR3 blocking antibody (R&D MAB160), NK cells were pre-treated 

for 30 minutes prior to loading.

For quantification, images were captured on a Nikon Eclipse 80i fluorescence microscope 

equipped with Z-stack (Prior) and CoolSNAP CCD camera (Roper Scientific). Image 

capture and analysis was performed using NIS-Elements AR software package. Whole 

device images were achieved by stitching in multiple captures. Quantification of immune 

cell infiltration into the 3D tumor microenvironment was performed by measuring the 

total cell area of cell tracker dye in the entire gel region. For the experiment with the 

CXCR3 blocking antibody, staining was quantified in a square region in the center of the 

channel to focus on effects of CXCR3 ligands released by tumor cells. Percent dead cell 
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quantification was performed as described above (see PDOTS immunofluorescence and live/

dead quantification).

3D vascular model

To generate the tumor-vascular model, H226 spheroids were mixed with collagen rat tail 

hydrogel (2.5 mg/ml) and injected into the center gel region of the 3D microfluidic chamber 

(10–15 μL per each microfluidic chamber). After incubation for 30 minutes at 37°C in sterile 

humidity chambers, the side wall of one flanked channel (media channel) was coated with 

a 150 μg/ml collagen solution in PBS to allow for better adhesion of ECs to the channel. 

After 15 minutes, the channel was washed once with media. To create the 3D vessel, 25 

μL cell suspension of 3×106 cells/ml HUVECs were injected in the media channel coated 

with collagen. The channel was rotated twice to create a confluent hollow-lumen 3D vessel. 

To allow the cells to attach to the media–gel interface and form a monolayer, the chip was 

incubated with cells face down for 15 minutes. Next, 50 μL cell suspension was reinjected, 

and the chip was flipped to cover the upper part of the 3D vascular channel. After 90 

minutes of incubation in the humidity chamber at 37°C, cell culture media was gently 

added to both channels and further incubated to form a confluent monolayer. After vessel 

formation, NK cells (labelled with Cell Tracker Red) were added to the 3D vessel at 2:1 

E:T ratio. STING agonists (ADU-S100 and TAK-676) were added to the fluidic channel 

opposite the vascular barrier. NK-cell migration +/− vessel was quantified at 24 hours. The 

3D vascular channels were rinsed in PBS and fixed with 4% PFA for 15 minutes at room 

temperature. Cell membranes were permeabilized with 0.1% Triton X-100 for 5 min at room 

temperature and washed twice with PBS. HUVEC cells were stained for F-actin with green 

phalloidin (Thermo Fisher Scientific A12379) and Hoechst 33342. Images were captured on 

a Nikon Eclipse 80i fluorescence microscope equipped with Z-stack (Prior) and CoolSNAP 

CCD camera (Roper Scientific).

Statistical Analysis

Statistical significance was assessed using unpaired two-tailed Student t-test for pairwise 

comparisons, one-sample t-test against an expected value of 0% change or 100% control, 

or one-way ANOVA followed by Tukey post hoc test. Kruskal Wallis global test followed 

by Dunn’s multiple comparisons post hoc test was used for non-parametric analysis of IHC 

scores and normalized mRNA expression in cell line data obtained from the Cancer Cell 

Line Encyclopedia at the Broad Institute: https://sites.broadinstitute.org/ccle/ (17 MPM cell 

lines, 51 SCLC, 137 NSCLC). P values less than 0.05 were considered significant. Asterisks 

used to indicate significance correspond with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001. Columns and horizontal lines added to data points represent mean ± SD error bars. 

In one-way ANOVA followed by post hoc tests, we showed asterisks only in pairs of our 

interest. GraphPad Prism (version 9.2.0) was used for all statistical analysis.

Data Availability

The datasets generated and/or analyzed during the current study are available within the 

article and its supplementary data files or are available from Dr. Barbie on reasonable 

request. ScRNA-seq data are available in Gene Expression Omnibus (accession # 

GSE201925).
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Results

STING is primed for activation in MPM

To identify human tumor histotypes with intact STING, we performed IHC profiling of 300 

archival samples from diverse thoracic malignancies (Fig. 1A). Among the malignancies 

evaluated, MPM expressed the highest levels of STING. MPM arises from the serosal lining 

of the lungs and carries a poor prognosis despite incorporation of combined checkpoint 

immunotherapy into standard care (38). MPM demonstrated near-universal high expression 

of STING protein in tumor and stroma cells, in contrast to NSCLC, thymoma, and SCLC 

(37,39) (Fig. 1A, Supplementary Fig. S3A). STING was also highly expressed in benign 

pleura, consistent with its baseline upregulation in mesothelial cell types (Supplementary 

Fig. S3B). Flow cytometry–based immune profiling of a large panel of resected MPM 

specimens demonstrated robust immune infiltration in most tumors, but with features of 

exhaustion across multiple immune-cell subsets including heterogeneous expression of 

the checkpoint proteins PD-1, TIM-3, and LAG-3 (Fig. 1B–D; Supplementary Fig. S3D 

and S3E) (40). T-cell characterization revealed terminal differentiation consistent with 

exhaustion; monocyte/macrophage subtyping showed an abundance of intermediate cells; 

NK-cell characterization showed diminished cytotoxic capacity (increased CD56 bright/

CD16 low compared with circulating NK cells; Fig. 1D). Thus, MPM express high levels of 

STING and demonstrate an inflamed but exhausted TIME.

We confirmed that MPM-derived cell lines expressed high levels of STING protein, but that 

both cell lines and tumors failed to exhibit baseline cGAS-STING pathway activation, as 

measured by phospho-IRF3, CXCL10 and IFIT1 expression, and secretion of 2’3’-cGAMP 

(Supplementary Figs. S3 and S4). Despite lacking baseline STING pathway activation, 

multiple MPM cell lines treated with the clinical STING agonist ADU-S100 (1,3) exhibited 

potent pathway activation, secreting high levels of CXCL10 (Supplementary Fig. S4). 

MPM cell lines with minimal response to clinical STING agonists in vitro exhibited 

reduced IRF3 transcription factor expression (Supplementary Fig. S4). Overall, however, 

the high levels of inactive basal STING and pronounced induction of CXCL10 release 

by STING agonism suggested that STING signaling is primed to respond in MPM. In 

addition, STING activation in MPM cell lines cultured in vitro did not cause cytotoxicity, 

suggesting a contribution from the TIME (Supplementary Fig. S4F). We therefore analyzed 

STING agonism in human tumor specimens using freshly resected MPM tumor explant 

models that retain the associated TIME (Fig. 2A) (12). After processing, 40–100 μm (S2) 

PDOTS were suspended in collagen and treated for 6 days to assess response by live/dead 

immunofluorescence and cytokine production (12) (Fig. 2A). We confirmed ADU-S100 

induced CXCL10 release and robust killing of PDOTS after 6 days of treatment in specific 

samples (Fig. 2B; Supplementary Fig. S5). Overall, treatment of 35 patient specimens 

with ADU-S100 showed statistically significant cell death >20% above control (p<0.05) 

in 12 of the 35 (34%) patient specimens, with 7 specimens approximating clinical criteria 

for response with >30% decrease in cell area, p<0.05 (Fig. 2C and D; Supplementary 

Fig. S5). There was a non-significant trend toward higher response to STING agonism in 

PDOTs in patients who received neoadjuvant chemotherapy (HR 1.4, 95% CI 0.23–7.27, Chi 

Square p=0.72) and this response did not correlate with histology (epithelioid and biphasic 
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specimens were tested), age, or gender (Supplementary Tables 1 and 2). We observed a 

potential correlation between tumor CD8 abundance and treatment response to ADU-S100 

ex vivo (R2=0.35, p<0.05; Supplementary Fig. S6A), prompting us to test the impact of CD8 

blockade. We found that anti-CD8 treatment partially rescued ADU-S100 cytotoxicity in 

three patient specimens (Fig. 2E; Supplementary Fig. S6A and S6B). Furthermore, treatment 

with a second clinical-stage next generation systemic STING agonist, TAK-676 (23), also 

showed activity ex vivo, with responses seen in 4 of 13 (31%) patient specimens (Fig. 2F), 

blunted by anti-CD8 treatment (Fig. 2G). These results motivated development of a higher 

resolution approach to further understand the impact of STING agonism on different cells 

within the TIME.

Dynamic scRNAseq of MPM explants

We adapted methodology to conduct dynamic scRNA-seq (27) following 24-hours of 

STING agonist treatment, focusing on a specimen (#26) that exhibited modest, dose-

dependent killing in response to ADU-S100, which was rescued by CD8 blockade (Fig. 

3; Supplementary Figs. S5–S7). Flow cytometry profiling prior to treatment demonstrated 

an average percentage of T cells and an above average monocyte/macrophage population 

(Supplementary Fig. S6C and Fig. 1B). We used >100 μm tumor fragments suspended 

in media for this short-term scRNA-seq analysis, confirming that size filtration did not 

change the leukocyte composition of each fraction (12) (Supplementary Fig. S6D). IRF3 

immunofluorescence also showed nuclear translocation following ADU-S100 treatment, 

confirming effective STING activation in PDOTS (Supplementary Fig. S6E). UMAP 

clustering showed broad representation of tumor cell, fibroblast, and immune cell 

populations (Fig. 3A, Supplementary Fig. S7). ADU-S100 strongly induced expression of 

CXCR3 ligands (CXCL9, CXCL10, CXCL11) primarily in a subset of mesothelin (MSLN)-

positive tumor cells (cluster 1) and cancer-associated fibroblasts (CAFs; clusters 4, 5), as 

compared with myeloid cell populations (clusters 7, 8; Fig. 3B and C). This analysis also 

revealed potent and unique STING agonist induction of IL33 expression in CAFs, whereas 

other IFN-stimulated genes (ISGs) such as IFIT1 exhibited more widespread expression 

across cell populations, confirming broad target engagement (Fig. 3C). Differential 

expression analysis showed that the subset of MPM cells most highly expressing CXCR3 

ligands in response to ADU-S100 (cluster 1) also displayed increased expression of 

numerous ISGs relative to other MPM cells (clusters 0, 3) and downregulated TGFB1 
expression (Supplementary Fig. S5C, Supplementary Table 5. We identified multiple 

granzyme- and perforin-positive T cells and NK cells within cluster 2 (Supplementary 

Fig. S5D), consistent with the impact of CD8 blockade and potential contribution of T 

and/or NK cell–mediated killing. However, analysis of the abundance of cells originating 

from each individual sample (contour and fraction plots in Fig. 3D, Supplementary Fig. 

S8) demonstrated depletion of CD8+ cell populations, including Tregs, following high-dose 

STING agonist treatment, contrasting with increased STING agonist response in tumor-cell 

cluster 1. Analysis of NK-cell ligands in tumor cells showed ADU-S100 dose-dependent 

increases in expression of HLA-A/B/C (inhibitory) coupled with increased NECTIN2 
(CD112; activating) alongside decreased expression of the predominantly inhibitory ligand 

PVR (CD155) (41) (Supplementary Fig. S8B). These data reveal a prominent role for 

tumor cells and CAFs as targets of STING agonism, promoting release of T- and NK-cell 
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chemotactic factors and alteration of tumor/CAF cell state. Yet they are also consistent 

with reports that excess STING activity can be toxic to T cells (4–6), suggesting that 

STING-mediated enhancement of tumor-cell release of CXCR3-binding chemokines may be 

countered by cytotoxicity in immune effector cells.

STING agonists are toxic to human T cells

To explore the idea that STING agonists are cytotoxic to T cells, we evaluated STING-

induced cytotoxicity in T cells (4–6) using our models, as well as cytotoxicity in other 

immune cell types. ADU-S100 treatment, in contrast to downstream IFNβ exposure, was 

cytotoxic to T cells as measured by flow cytometry in MPM tumor explants (Fig. 4A, 

Supplementary Fig. S9A). T cells purified from peripheral blood with or without expression 

of a BCMA CAR also demonstrated dose-dependent cytotoxicity after STING agonist 

treatment (Fig. 4B, Supplementary Fig. S9B), likely limiting the efficiacy of combining 

STING agonists with CAR T cells, as recently proposed (42,43).

Although NKT cells were sensitive to STING agonism (Fig. 4A), human NK cells showed 

no significant cytotoxicity from STING agonist treatment, regardless of culture in IL2 

or co-culture with TILs (Figs. 4A and C; Supplementary Fig. S9A–D). These findings 

held across human tumors and expanded primary NK cells, even after 72 hours of high 

dose ADU-S100 or TAK-676 exposure. We noted that NK cells principally rely on 

metabolism via oxidative phosphorylation (44) requiring ongoing autophagic flux (45), 

whereas T cells depend on glycolysis and tolerate defective autophagy (46). Consistent 

with their elevated autophagic flux following ADU-S100 treatment (Supplementary Fig. 

S9E), levels of STING protein were lower in NK cells and STING was rapidly degraded 

within 3–6 hours of STING agonism (Fig. 4D, Supplementary Figs. S9F and S9G). In 

contrast, T-cell STING was phosphorylated and activated by ADU-S100, but minimally 

degraded (Fig. 4D; Supplementary Fig. S7F). We confirmed autophagy-dependent STING 

recycling in NK cells, since treatment with CLQ, which blocks autophagic flux by inhibiting 

autophagosome fusion with the lysosome (47), prevented ADU-S100–induced STING 

degradation (Supplementary Fig. S9G). Thus, whereas STING agonist treatment causes 

effector T-cell cytotoxicity, primary NK cells remain largely unscathed.

STING agonists enhance NK-cell therapies

NK cells are generally low in number in MPM specimens (Fig. 1B), and also potentially 

restrained by inhibitory signals on tumor cells such as MHC class I, which may increase 

following STING agonist treatment (Supplementary Fig. S8B). We therefore examined 

whether STING agonism combined with adoptive transfer of primary or engineered NK 

cells might represent a promising therapeutic strategy by coupling tumor-cell release 

of CXCR3-binding chemokines with an effector-cell type resistant to STING agonist 

cytotoxicity. Whereas addition of primary NK cells alone to the treatment channel of 

microfluidic devices failed to kill MPM PDOTS, combined treatment with ADU-S100 

significantly enhanced primary NK-cell responses using cells from 2 out of 3 donors 

(Fig. 5A, Supplementary Fig. S10A). Moreover, ADU-S100–mediated enhancement of NK 

cell–mediated cytotoxicity in MPM PDOTS was impaired by CXCR3 blockade (Fig. 5B). 

To further overcome a potentially inhibitory role of MHC class I, we next focused on 
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MSLN-targeted CAR strategies being developed clinically for MPM (38), utilizing NK cells 

instead of T cells as an alternative vector for the CAR. Using an MPM specimen brightly 

positive for MSLN, we found that anti-MSLN CAR NK cells significantly augmented 

ADU-S100 activity at 6 days in a PDOTS sample that was minimally responsive to ADU-

S100 treatment alone (Supplementary Fig. S10B). Furthermore, combined addition of NK 

and especially CAR NK cell therapy with ADU-S100 promoted deep growth suppression 

of MLSN+ PDOTS over time in culture, contrasting with day 10 rebound that occurred 

following single agent ADU-S100 therapy (Fig. 5C; Supplementary Fig. S10C). These data 

confirm that continuous STING agonist exposure is not toxic to NK-cell therapies and 

suggest that it may enhance activity, especially in combination with anti-MSLN CAR NK 

cells.

To isolate the role of tumor cells and further validate these findings, we used MPM cell 

lines that highly express STING and secrete CXCL10 over time during STING agonist 

treatment (H2591, H226, MS428) or uniquely lack STING expression and do not respond 

to STING agonism (H2461; Supplementary Figs. S4A and S11A) and compared NK-cell 

migration and killing −/+ ADU-S100 treatment in vitro (Fig. 6; Supplementary Figs. S11 

and S12). STING agonism enhanced granzyme release by NK cells (Supplementary Fig. 

S11B) and killing of tumor cells (Fig. 6A) only in co-culture with MPM cells expressing 

STING (Supplementary Figs. S11C and S12C). These findings were consistent across E:T 

ratios (Supplementary Fig. S11C and S12B), in 2D and 3D culture (Fig. 6), and varied 

somewhat with NK-cell donors, like our experiments using patient specimens (Figs. 5 

and 6; Supplementary Figs. S10, S11C, and S12C). STING agonist–induced increases in 

NK-cell migration toward tumor cells were rescued by treatment with a CXCR3 blocking 

antibody (Fig. 6B, Supplementary Fig. S11E), similar to our results for NK cell–mediated 

cytotoxicity in MPM patient specimens (Fig. 5B). To model NK-cell migration across a 

vascular barrier, we cultured HUVEC in 3D to form a vessel before assessing physiologic 

NK-cell migration out of the vessel and through collagen to reach MPM tumor cell lines 

(Supplementary Fig. S11F). Both ADU-S100 and especially TAK-676 enhanced NK-cell 

migration in the presence and absence of the vascular barrier, with expected decreases in 

total migration through the vessel (Fig. 6C).

Finally, since our PDOTS data suggested that MSLN CAR construct expression could 

enhance adoptive NK-cell therapy in MPM when combined with STING agonists (Fig. 

5C), we evaluated this treatment combination in vitro to assess cytotoxicity. Anti-MSLN 

CAR expression further enhanced in vitro NK cell–mediated killing and combined with 

ADU-S100 treatment to cause the most tumor cell death (Fig. 6D and Supplementary Fig. 

S12). Taken together, these data reveal that STING agonism in STING+ human tumor 

models promotes release of CXCR3 ligands from tumor cells, enhances NK-cell recruitment 

and cytotoxicity, and may have potent combinatorial activity with NK-cell therapies.

Discussion

Evaluating human tumors in short-term cultures that preserve the TIME can overcome some 

of the limitations of mouse models, patient-derived xenografts, and passaged organoids to 

potentially inform clinical trials of next-generation immunotherapy combinations including 
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cell therapies. Here we performed dynamic scRNA-seq of ADU-S100–treated human tumor 

explants to dissect the mechanism of action of a clinical stage STING agonist. We showed 

that STING agonism engages its target in most cells of the TIME, but principally drives 

release of CXCR3-binding chemokines by tumor cells and cancer-associated fibroblasts, 

while causing T-cell cytotoxicity. Blunting of effector T-cell activity is an unexpected 

consequence that could contribute to the disappointing clinical activity of STING agonists 

to date in humans. However, our studies reveal that this drawback can be overcome with 

the addition of NK-cell therapies (48), which benefit from STING agonist enhancement of 

NK-cell migration and killing.

More generally, available data from mouse models and clinical trials of injectable STING 

agonists support a complex interplay of STING activation in the TIME. Indeed, cell 

types other than CD8+ T cells such as monocytes and NK cells could be involved in the 

infrequent clinical responses to STING agonists reported in patients (49,50). Moreover, 

work in syngeneic mouse models has uncovered an important role for NK cells in tumor 

control mediated by the endogenous STING agonist ligand 2’3’-cGAMP (8,9). These data 

implicate NK cells in murine STING agonist response in vivo, which is otherwise difficult 

to model using artificial humanized mouse xenografts. In a related manuscript describing the 

preclinical activity of TAK-676, we observe enhanced trafficking and activation of NK cells 

following systemic TAK-676 administration in murine models (23). TAK-676 treatment 

was also especially potent at overcoming a human vascular barrier in our ex vivo model. 

These data are consistent with work from our group and others demonstrating that cyclic 

dinucleotides (CDNs) alter vascular permeability and upregulate adhesion molecules that 

can facilitate NK-cell extravasation (51), and further highlight the translational potential of 

TAK-676 and other clinical STING agonists to facilitate intra-tumoral trafficking of NK-cell 

therapies across vascular barriers.

Adding to the complexity of injectable STING agonist clinical trials is a potential 

threshold effect for cytokine release whereby tumor-cell STING activation crosses from 

metastasis promoting (10,52) to immune rejection. In MPM, we observe minimal baseline 

phosphorylation of downstream IRF3 in patient specimens and negligible extracellular 

2’3’-cGAMP released from cell lines, suggesting potentially low contribution from basal 

cGAS-STING signaling to the observed immune exhaustion. But our data suggest instead 

that elevated tumor-cell STING expression in MPM creates a particular vulnerability 

to therapeutic STING agonism, especially when coupled with NK-cell therapy. This 

vulnerability could also extend to other tumor types with high basal STING expression, 

or to STING-silenced tumors treated with epigenetic inhibitors (53).

Clinical development of STING agonists is further limited by the narrow therapeutic 

window for injectable agents, which are rapidly cleared (49,50). Although novel slow-

release and systemic formulations of STING agonists could solve some of these issues 

(3,23), our data indicate that constant exposure is likely to kill endogenous effector T cells, 

and also limit combinations with adoptively transferred transgenic TCR T or CAR T–cell 

therapies (42,43). Instead, our findings that NK cells are resistant to constant high-dose 

STING agonist exposure, and in fact are activated and recruited to kill MPM cells, support 

this novel immunobiology and provide a combinatorial approach with NK-cell therapies 
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to develop clinically. We also observed potential STING agonist toxicity in Tregs, which 

should be validated in future studies, and this may contribute to the effects of NK cell–based 

immunotherapies in combination with STING agonists. Furthermore, we show that the 

benefits of adding a STING agonist to NK-cell therapies may not necessarily depend on 

the CAR construct, allowing for combinations with a variety of emerging NK effector cells 

(48) to be tested in future clinical trials. Treatments to enhance native NK-cell activation 

could also be effective in combination with STING agonists. Interestingly, although our 

scRNA-seq data do show upregulation of MHC class I, which is inhibitory to NK cells, they 

also reveal specific modulation of CD112 and CD155 that could converge to activate NK 

cells, especially when coupled with adoptive NK-cell therapies.

Timing and sequencing of combination immune therapies remain critical, as burst-dose 

STING agonism (perhaps alongside NK-cell infusion) could prevent T-cell cytotoxicity and 

allow for later cross-priming of T cells via NK cell to dendritic cell to T-cell crosstalk that 

enhances antitumor immunity. Alternatively, adoptive T-cell therapies could be engineered 

to resist STING agonist cytotoxicity, either by restoring effective autophagy or inhibiting 

STING pathway components. Indeed, we have previously reported that a potent/specific 

TBK1 inhibitor activates T cells on its own (12), although whether this would translate to 

improved therapeutic efficacy in combination with STING agonists is unclear.

Combination immunotherapy remains challenging to translate to the clinic. Our study 

suggests that utilizing patient-derived tumor samples to study innate/adaptive immune 

crosstalk and the effects of activating one pathway on the broader TIME may inform the 

best approaches to enhance emerging cell therapies and overcome immune exhaustion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis

Generating antitumor immunity via innate immune signaling represents an emerging 

therapeutic strategy. Functional profiling of human mesothelioma tumor explants 

expressing elevated STING uncovers distinct consequences of STING agonism that 

support combining such treatment with NK cell–based therapies.
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Figure 1: STING is highly expressed in immune-exhausted MPM
A, STING immunohistochemistry (IHC) quantified using QuPath software. MPM = 

malignant pleural mesothelioma; SCLC = small-cell lung carcinoma; NSCLC = non-small 

cell lung carcinoma. Scale bar = 100 μm. B, Immune cell flow cytometry analysis of MPM 

specimens (n = 29). C and D, Flow cytometry from freshly resected MPM specimens with 

number of samples specified. Blood for NK-cell analysis was collected from patients with 

head & neck squamous cell carcinoma or oral proliferative verrucous leukoplakia. Mann-

Whitney test: ***p< 0.001. Flow cytometry antibody details provided in Supplementary 

Table 3 TIM-3 = T-cell immunoglobulin and mucin domain-containing protein 3; PD-1 = 

programmed cell death protein 1; LAG3 = lymphocyte activation gene 3; EMRA = effector 

memory re-expressing CD45 RA; EM = effector memory; CM = central memory.
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Figure 2: STING agonists promote antitumor immunity in MPM
A, Schematic for generation of patient-derived organotypic spheroids (PDOTS) by size 

filtration and representative flow cytometry profiling (n=16) for MPM case #35. B, Hoechst/

propidium iodide live/dead IF from MPM case #35 after 6-day treatment with 50 μM 

ADU-S100 (ADU) or dH20 and 100ng/mL IFNβ controls. Scale bars = 100 μm. Cell 

area and percent live/dead quantification of each stain. T-test vs. dH20 control: **p<0.01, 

****p<0.0001. C, Summary of percent change in live cell area (Hoechst/acridine orange) 

and cell death (propidium iodide) in 35 MPM patient specimens treated for 6 days with 

50 μM ADU-S100 or dH20 control. Response shown by criteria for live cell area (≥30% 

decrease) and ≥20% increase in cell death, with p<0.05 by t-test between treated triplicate 

wells, ADU-S100 vs. dH20 control. D, Waterfall plot from the 35 patient specimens treated 

for 6 days with 50 μM ADU-S100 or dH20 control and analyzed in C. R = response by 

reduced live cell area, E = epithelioid MPM, B = biphasic MPM, Y/N = yes/no neoadjuvant 
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treatment, M/F = male/female. E, Percent live/dead for MPM case #34 after 6-day treatment 

with 50 μM ADU-S100 or dH20 control and CD8 blocking antibody (αCD8). T-test vs. 

dH20 control: **p<0.01. F, Waterfall plot from 13 MPM patient specimens treated for 6 

days with 50 μM ADU-S100, TAK-676, or dH20 control. G, Percent live/dead for MPM 

case #26 after 6-day treatment with 50 μM ADU-S100, 1 μM TAK-676, or dH20 control and 

CD8 blocking antibody (αCD8). T-test vs. dH20 control: *p<0.05.
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Figure 3: STING agonists activate tumor cells and fibroblasts
A, Combined UMAP plots from broad clustering of scRNA-seq of MPM case #26 after 

24 hours of treatment with dH20 control, 10 μM ADU-S100 or 50 μM ADU-S100. B, 
Combined UMAP plot for CXCR3 ligands (CXCL9/CXCL10/CXCL11) and mesothelin 

(MSLN). C, Violin plots for select ISG transcripts from combined broad clustering split by 

treatment condition/dose of ADU-S100. D, UMAP plots from combined samples overlayed 

with contour plots showing the density of cells in each individual sample, normalized to 

number of cells per sample. Fraction bar graph for each cluster by treatment, normalized to 

number of cells per sample.
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Figure 4: STING agonists are toxic to T cells but not NK cells
A, Immune flow cytometry in MPM case #12 after 3-day treatment with dH20 control, 

50 μM ADU-S100, or 100ng/mL IFNβ. B, Cell-titer glow proliferation after 24-hours of 

treatment of MPM case #12 with dH20 control, 50 μM ADU-S100, or 100ng/mL IFNβ 
in the presence of primary T cells or BCMA CAR T cells. T-test vs. dH20 control: 

****p<0.0001. C, Flow cytometry after 72-hour treatment of MPM case #12 with 50 μM 

ADU-S100, 10 μM TAK-676, or dH20 control +/− 200 U/mL IL2 in the presence of TILs 

or NK cells, gating for live cells out of 10,000 total events expressing CD8 or CD56. Batch 

3 primary NK cells expanded from PBMCs and batch 3 TILs. One-way ANOVA p<0.01 

with corrected pairwise comparisons: **p<0.01, ***p<0.001. D, Western blot for STING, 

phospho-TBK1 (pTBK1), TBK1, phospho-STAT1 (pSTAT1), STAT1, and beta-actin loading 

control in TILs and NK cells from C treated for 3 or 6 hours with 50 μM ADU-S100 or 

dH20 control in triplicate.
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Figure 5: STING agonists enhance NK-cell therapies
A, NK-cell therapy schematic. Quantification of Hoechst/propidium iodide live/dead IF 

from PDOTS sample #36 treated for 6 days with 50 μM ADU-S100 or dH20 control −/+ 

primary NK cells (cNK). One-way ANOVA p<0.001 with corrected pairwise comparisons: 

**p<0.01. B, Representative live/dead IF and quantification from sample #37 treated for 6 

days with 50 μM ADU-S100 or dH20 control −/+ primary NK cells and/or 5 μg/mL CXCR3 

blocking antibody (αCXCR3). T-test: **p<0.01. Scale bar = 50 μm. C, Quantification of 

percent change in live cell area (Hoechst IF) in PDOTS from MPM case #32 after 6- or 

10-day treatment with 50 μM ADU-S100, cNK, or MSLN CAR-NK cells. One-sample t-test 

with expected difference of zero: *p<0.05. D, Representative live/dead IF from MPM case 

#32 after 10-day treatment. Scale bar = 50 μm.
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Figure 6: STING agonists enhance adoptive NK-cell migration and killing
A, Representative overlayed IF and brightfield images of labeled primary NK cells (blue) 

migrating toward H226 MPM cells with propidium iodide dead stain (red) after 4-day 

treatment with 50 μM ADU-S100 or dH20 control. Scale bar = 100 μm. Quantification 

of triplicate NK-cell migration (T-test: *p<0.05) and cell death (one-way ANOVA p<0.01 

with corrected pairwise comparisons: *p<0.05). B Quantification of triplicate NK-cell 

migration towards H226, focused on the center of the chamber after 4-day treatment with 

50 μM ADU-S100 +/− 5 μg/mL CXCR3 blocking antibody (αCXCR3). T-test: *p<0.05. C, 
Representative immunofluorescence modeling NK-cell migration through vasculature over 

24-hours of STING agonist treatment (ADU-S100 or TAK-676) to reach H226 tumor cells. 

Scale bar = 200 μm. Quantification of triplicate migration +/− vasculature during 24-hour 

treatment with 50 μM ADU-S100, 1 μM TAK-676, or dH20 control. T-test: **p<0.01, 

***p<0.001. D, Flow cytometry for annexin V and live/dead with H2591 MPM cells in 

co-culture with control NK (cNK) or MSLN CAR-NK cells (E:T 2:1) following 6-hour 

treatment with 50 μM ADU-S100 or dH20 control. Quantification of four NK-cell donors, 

graphed as percent change with ADU-S100 vs. dH20 control treatment. One-sample t-test 

with expected difference of zero: *p<0.05, **p<0.01.
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