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Abstract

Purpose: Stimulator of interferon genes (STING) agonists are currently in development for
treatment of solid tumors, including pancreatic ductal adenocarcinoma (PDAC). Response rates to
STING agonists alone have been promising yet modest, and combination therapies will likely be
required to elicit their full potency. We sought to identify combination therapies and mechanisms
that augment the tumor cell-intrinsic effect of therapeutically relevant STING agonists apart from
their known effects on tumor immunity.
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Experimental Design: We screened 430 kinase inhibitors to identify synergistic effectors of

tumor cell death with diABZI, an intravenously administered and systemically available STING
agonist. We deciphered the mechanisms of synergy with STING agonism that cause tumor cell

death /n vitroand tumor regression in vivo.

Results: We found that MEK inhibitors caused the greatest synergy with diABZI and that this
effect was most pronounced in cells with high STING expression. MEK inhibition enhanced the
ability of STING agonism to induce type | IFN-dependent cell death /n vitro and tumor regression
in vivo. We parsed NFxB-dependent and NFxB-independent mechanisms that mediate STING-
driven type I IFN production and show that MEK signaling inhibits this effect by suppressing
NFxB activation.

Conclusions: Our results highlight the cytotoxic effects of STING agonism on PDAC cells that
are independent of tumor immunity and that these therapeutic benefits of STING agonism can be
synergistically enhanced by MEK inhibition.

Introduction

Patients diagnosed with pancreatic ductal adenocarcinoma (PDAC) are faced with a 50%
chance of death in under a year and a 12% chance of survival within 5 years (1). Although
surgical resection of the primary tumor before metastatic spread is potentially curative, most
patients progress to metastatic disease, which typically exhibits a response rate of only
approximately 30% to standard-of-care chemotherapy (2, 3). Intertumoral heterogeneity and
a typically immunosuppressive microenvironment remain substantial barriers to identifying
effective treatments (4-6). Thus, precision medicine approaches that use drug-specific
biomarkers to inform treatment along with immunomodulatory agents will likely be required
to advance care for patients with PDAC. Recent progress using PARP inhibitors for patients
with tumors that are defective in DNA damage repair (7) and immune checkpoint blockade
(8, 9) have been promising but are effective for only a subset of patients with PDAC.
Therapeutic agents that are broadly but specifically cytotoxic to tumor cells and that also
promote tumor immunity will be promising therapeutic options.

Tumor immunity is strongly enhanced by activation of the stimulator of interferon genes
(STINGL1, hereafter STING) pattern recognition receptor and consequent upregulation of
type I IFN (10-12). STING is activated by intracellular cyclic dinucleotides from microbial
pathogens or endogenous cytosolic cyclic 2°3"-GMP-AMP (cGAMP) synthesized by cyclic
GMP-AMP synthase (cGAS) from cytosolic double-stranded DNA (13). Activated STING
translocates from the endoplasmic reticulum to the Golgi apparatus where it recruits
TANK-binding kinase 1 (TBK1) to phosphorylate IFN regulatory factor 3 (IRF3) and

drive transcription of /FNB1 (14, 15). In turn, secreted IFNB1 (IFN) acts via autocrine

and paracrine signaling through IFN receptors and JAK/STAT signaling to upregulate
transcription of hundreds of IFN-stimulated genes (ISG; ref. 16). Activation of STING in
the tumor microenvironment (TME) triggers an innate immune response and inflammation
that restricts tumor growth (17), an outcome that has been successfully leveraged clinically
(18, 19). In parallel, STING signals through pathways independent of direct IRF3 activation
—notably NFxB—to produce inflammatory cytokines (20). Moreover, STING expression
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itself is upregulated by positive feedback from IFN signaling (21) potentially augmenting
the STING-mediated effects promoting tumor immunity.

Independent of the innate immune response, aberrant cell-cycle activity and replication
stress in cancer cells yield cytosolic DNA and cGAS-derived cGAMP to activate STING
and thus IFN signaling, resulting in intrinsic tumor cell cytotoxicity (22, 23). Most tumors
escape this effect by inactivating STING and/or cGAS through genetic and epigenetic
alterations (24, 25); however, STING is overexpressed in pancreatic tumors relative to
adjacent nontumor tissue (26), increasing the potential for therapeutic efficacy of STING
activators. STING can be indirectly activated by therapeutics that promote DNA damage
and replication stress, but a new class of drugs has emerged that directly activate STING
(27, 28). One of these—a novel, systemically delivered STING agonist (GSK3745417 or
diABZI)—enhances tumor immunity in preclinical models and is now being tested in phase
I clinical trials (NCT03843359, NCT05424380). While previous and ongoing studies of
STING biology have mostly focused on the immunomodulatory properties of type I IFNs
in the nonmalignant compartment of the TME (29-31), the goal of this study was to
understand how STING agonists may additionally impact PDAC tumor biology through
tumor cell-intrinsic cytotoxicity and to identify therapeutic codependencies that can be used
to improve the treatment of PDAC.

In this study, we performed a high-throughput screen of 430 kinase inhibitors and identified
MAP2K1 (MEK) inhibitors (MEKIi) as the class of drugs with the greatest cytotoxic synergy
with STING activation in PDAC cell lines. Using /n vitroand in vivo PDAC models, we
determined that the synergy is IFN dependent, and for maximal effect, required NFxB
activity; however, it was independent of NFxB-driven proinflammatory cytokines. We
demonstrate that STING-mediated activation of NFxB is essential for robust, IFN-mediated
cytotoxicity, and we identify IRF1 as the mechanistic mediator between NFxB and IFN
expression. In addition, we provide evidence that this role of NFxB is normally suppressed
by MEK signaling. By relieving this suppression with MEK inhibition, the cytotoxic, tumor-
restricting effect of STING agonism is dramatically augmented. Our results provide support
for the use of combined STING agonism and MEK inhibition for the optimal therapeutic
effects of immune-independent tumor cell cytotoxicity.

Materials and Methods

Cell culture

Panc03.27, HPAF-1I, HS766T, CFPAC-1, SU.86.86, PANC-1, PANC10.05, KP3,
PANC02.03, PANC02.13, ASPC1, PK59, BxPC-3, and SW 1990 were purchased from
ATCC. DAN-G and YAPC were provided by Dr. David Dawson (University of California,
Los Angeles, CA). AM1283 cultures were derived from a patient-derived xenograft (PDX)
model provided by the NCI. SUIT2, T3M4, and PATU8988T were purchased from Research
Resource Identifiers. PDXs, XWR200, and XWR7 were developed from UCLA patients
who gave informed written consent and approved under Institutional Review Board Protocol
No. 11-002112 in accordance with the U.S. Common Rule. KP4662 mouse tumor cells
were a kind gift from Robert Vonderheide at the University of Pennsylvania (Philadelphia,
PA). All cells were cultured in DMEM with 10% FBS and 1% penicillin/streptomycin at
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37°C in 5% CO,. Cells were routinely authenticated by PCR and checked for Mycoplasma
contamination with the PCR-based Venor Mycoplasma kit.

Drug stocks were prepared in DMSO. All drugs and associated vendors are listed in the Key
Resource Table (see Supplementary Data).

Animal studies

All animal studies were approved by UCLA Animal Research Committee. After
trypsinization and washing with ice-cold PBS twice, 1 x 108 tumor cells suspended

in 50-pL ice-cold PBS were inoculated subcutaneously in the flank(s) of 6- to 8-week-

old female NOD- Prkdcem26Ca52 j 2pgem26Cd2ZNjuCrl-immunodeficient mice (NCG, Charles
River). For XWR?7, previously frozen tumor fragments were washed and suspended in
ice-cold PBS prior to inoculation. Tumor volumes were determined by caliper measurements
and estimated by applying the following formula: vol = 1/2x)2. All measurements and
calculations were performed by trained technicians blinded to the experimental conditions.
For doxycycline (DOX) treatment, mice were supplied with a control or DOX hyclate-
supplemented diet intended to deliver 2 to 3 mg of DOX daily. For diABZI treatment, mice
were administered 100 pL of 1.5 mg/kg diABZI or vehicle (40% PEG400 in 0.9% saline) by
tail vein intravenous injection. Cobimetinib was administered by daily oral gavage of 50 uL
in 5 mg/kg (5% DMSO in corn oil) doses.

Tumor homogenization

Thirty-mg fragments of resected tumors were harvested, snap-frozen in liquid nitrogen, and
transferred to Omni Hard Tissue homogenization vials. A total of 750 uL of lysis buffer

(50 mmol/L ammonium bicarbonate pH 7.2, 0.5% sodium deoxycholate, 12 mmol/L sodium
laurel sarcosine) supplemented with protease and phosphatase inhibitor cocktails was added
to each sample. Samples were homogenized with an Omni Bead Ruptor Elite (eight cycles
of 15 seconds on, 30 seconds off, speed 8) with the device chilled to 4°C with liquid
nitrogen. Tissue homogenates were cleared by centrifugation at 12,000 x g for 12 minutes
at 4°C. Cleared lysates were normalized using the bicinchoninic acid (BCA) method and
prepared for immunoblot analysis.

Immunoblot analysis

Cells were lysed in cold RIPA lysis buffer with protease and phosphatase inhibitors. The
lysates were subsequently normalized using a BCA assay, then diluted using RIPA buffer
and 6 x laemmli loading dye. Protein extracts were resolved on SDS-PAGE and then
electrotransferred to an Immun-Blot Nitrocellulose membrane. After blocking in 5% nonfat
milk or 5% BSA in TBS + 0.1% Tween-20 (TBS-T), membranes were incubated with

the indicated primary antibodies (in 5% BSA, 0.02% sodium azide in TBS-T) at 4°C
overnight. After incubation, the membranes were washed with TBS-T and then probed

with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:2,500 dilution in
5% BSA, TBS-T) at room temperature for 1 hour. Blots were developed using Immobilon
Forte Western HRP Substrate and imaged on the LI-COR Oddessy imaging system. Primary
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antibodies were used at a 1:1,000 dilution and are reported in the Key Resource Table (see
Supplementary Data).

Total RNA was extracted from cells using the NucleoSpin RNA kit. Reverse transcription
was performed using the MultiScribe Reverse Transcriptase (Thermo Fisher Scientific).
Quantitative PCR was performed using 2x qPCR Universal Green Master Mix (Lamda
Biotech); reactions were run in the QuantStudio3 Applied Biosystems gRT-PCR machine.
RNA expression values were normalized and calculated as relative expression to control.
Primer sequences used for gRT-PCR for each gene are reported in the Key Resource Table
(see Supplementary Data).

Human IFNB ELISA assay

After 24 hours of incubation of CFPAC-1 cells with + 1 umol/L diABZI + 100 nmol/L
trametinib in biologic triplicates, 200 uL of cultured media was collected, and ELISA was
performed to detect the levels of IFNB by utilizing the VeriKline Human IFN Beta ELISA
kit by PBL Assay Science.

Viability assay

For CellTiter-Glo analysis, cells were plated at 1 x 103 cells per 30 pL per well in

white, opaque 384-well plates and treated as described. Following incubation, 50 pL of two-
dimensional (2D) CellTiter-Glo reagent (diluted 1:5 in dPBS) was added to each well. The
plates were incubated at room temperature for 5 minutes, and luminescence was measured
using a BioTek microplate luminescence reader.

Annexin V flow cytometric apoptosis assay

After incubating CFPAC-1 cells in £ 1 pmol/L diABZI + 100 nmol/L trametinib in
triplicates for 72 hours, cells were collected, washed twice with ice-cold PBS, and stained
with Annexin V-FITC and propidium iodide (PI) by utilizing the reagents and protocols
outlined in the Annexin-V-FITC Apoptosis Kit. Untreated CFPAC-1 cells were incubated
for 20 minutes at 55°C and used as positive controls for apoptosis. Unstained, Annexin
V-FITC or Pl-stained controls were used to properly set the flow cytometer. Attune NxT
Flow Cytometer at UCLA Jonsson Comprehensive Cancer Center Flow Cytometry Core was
used for data collection. Flowjo v10 software was used for data analyses.

CRISPR-Cas9 and guide RNA-guided gene knockout

Three guide RNAs (gRNA) for each targeted gene (STING, IFNARI, IL6R, and /IRFI—see
Key Resource Table (see Supplementary Data) for gRNA sequences) were designed and
purchased from IDT. For each reaction, 1 x 10° CFPAC1 or SUIT2 cells were electroporated
under optimized condition with the NEON system. Specifically, 5-jg recombinant s.p.Cas9
(No. 1081058, IDT) and 50-pmol gRNA were combined at room temperature for 15
minutes, then mixed with 10-uL cells. After electroporation, cells were cultured in a 12-well
plate overnight, and DNA was extracted for genomic PCR and Tracking of Indels by
Decomposition (TIDE) analysis (http://tide.nki.nl) to assess knockout (KO) efficiency. Two

Clin Cancer Res. Author manuscript; available in PMC 2024 February 14.


http://tide.nki.nl

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghukasyan et al. Page 6

gRNAs with the best knockout effect were selected. Single-cell cloning was performed with
limited dilution of cells into 96-well plates. At least two single clones of each gRNA were
confirmed with immunoblot analysis and TIDE analysis.

CFPAC-1 TetR STINGR284M design and generation

The generation of CFPAC-1 TetR-STINGR284M cells was described previously (32). A
STINGR248M encoding gene fragment was ligated into the pPENTR-D/TOPO entry vector.
Resulting constructs were recombined into pLenti-CMV/TO-GFP/PURO using Gateway
LR Clonase Il. For virus production, lentivirval vectors and packaging plasmids (psPAX2,
pMD2G) at a 2:1:1 ratio were transfected into FT293 cells using polyethylenimine. Cells
were selected in puromycin for 1 week. Gene expression was regulated by the DOX
responsive Tet repressor (TetR) protein expressed from the pLenti3/EF/GW/IVS-Kozak-
TetR-P2A-Bsd vector.

Small-molecule kinome screen

A library of 430 protein kinase inhibitors (SelleckChem, catalog No. L1200) was arrayed in
polypropylene 384-well plates at 200 x concentrations covering a 7-point concentration
range (corresponding to 1x concentrations: 5 umol/L, 1.65 umol/L, 550 nmol/L, 185
nmol/L, 61.5 nmol/L, 20.6 nmol/L, 6.85 nmol/L). A total of 25 pL per well of growth

media with or without 2 pmol/L diABZI supplementation (for a final concentration of

1 umol/L) was plated in opaque-white 384-well plates using a BioTek multidrop liquid
handler. Protein kinase inhibitors were added by 250-nL pin-tool transfer (BioMek FX,
Beckman-Coulter), and inhibitor/media mixtures were incubated at room temperature for 30
minutes. A total of 25 L of a 40,000 cells/mL CFPAC-1 suspension (for 1,000 cells/well)
was subsequently added to each well. After 72 hours, 50 pL of 2D CellTiter-Glo reagent
diluted 1:5 in PBS was added to each well, and luminescence readings were performed using
a Wallac plate reader (Perkin Elmer). Each condition was assayed in duplicate, and percent
proliferation values were calculated by normalizing experimental wells to plate negative
controls and averaging replicate values. Composite diABZI synergy scores for each test
compound were defined as the sum of the Bliss additivity score (percentage proliferation
inhibition observed — percentage proliferation inhibition expected) between diABZI and
individual protein kinase inhibitor concentrations across the 7-point concentration range.

Z factor scores for individual assay plates were calculated using eight positive and eight
negative control wells on each plate as described previously (33). All plates gave a Z factor
> 0.5.

RNA sequencing

CFPAC-1 PDAC cells were plated in 6-well plates and treated + 1 pmol/L diABZI + 100
nmol/L trametinib for 24 hours. Following treatment, mMRNA was extracted as described
for RT-PCR analysis and processed for next-generation sequencing. The analysis workflow
consisted of MRNA capture, cDNA generation, end repair to generate blunt ends, A-tailing,
adaptor ligation, and PCR amplification. Libraries were sequenced on Illumina HiSeq 3000
on a single-read 50-bp run. An FDR of <0.01% was applied to filter significantly altered
transcripts. Heatmaps were generated by utilizing the Phantasus platform available through

Clin Cancer Res. Author manuscript; available in PMC 2024 February 14.
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https://artyomovlab.wustl.edu/phantasus. The list of genes with statistically significant
alterations were submitted to ENRICHR MSigDB Hallmark pathway analysis platform.

CFPAC-1 PDAC cells were plated in 6-well plates and treated + 1 pmol/L diABZI +

100 nmol/L trametinib for 24 hours. Following treatment, 200 uL of cultured media was
collected in three biologic replicates and submitted to UCLA Department of Pathology and
Laboratory Medicine Immune Assessment Core. Luminex’s XMAP immunoassay platform
was utilized to run a human cytokine/chemokine 38-plex panel.

Statistical analyses

Data are presented as mean £ SEM with the indicated number of biological replicates.
Comparisons of two groups were calculated using unpaired two-tailed Student ¢test, and
Pvalues less than 0.05 were considered significant. Comparisons of more than two groups
were calculated using one-way ANOVA followed by Bonferroni multiple comparison tests,
and Pvalues less than 0.05/m, where mis the total number of possible comparisons, were
considered significant. All analyses were conducted by using Prism Version 8.4.2.

Data availability

Results

All data are available on request from the corresponding author.

Pharmacologic STING activation and MAPK pathway inhibition are synergistically
cytotoxic in PDAC cell lines with high STING expression

A hallmark function of STING activation is upregulation of /FNVBI transcription. We
assessed /FNB1 expression in a panel of PDAC cell lines in response to the STING agonist,
diABZI and found that it enhanced /FNBI expression in all cell lines, with the greatest
increase in CFPAC-1 cells (Fig. 1A). We used CFPAC-1 cells to identify potential synergy
between diABZI and any of 430 kinase inhibitors. From this high-throughput screen, we
identified seven MEKi among the top 10 compounds with the greatest synergy (Fig. 1B).

In contrast, JAK inhibitors antagonized the effects of STING activation, consistent with
JAK/STAT signaling as an essential mediator of IFN cytotoxicity (Fig. 1B). As expected,
MAPK pathway inhibition by ERK inhibitors also functioned synergistically with diABZI
in CFPAC-1 cells, though less effectively than MEKi (Fig. 1B). STING was essential for
the effect of diABZI and the MEK:i, trametinib, as synergy was lost in CFPAC-1 cells

after CRISPR/Cas9-mediated knockout of ST/NG (Supplementary Fig. S1A and S1C) or
upon inhibition of the essential STING cofactor, TBK1 (Fig. 1C). We also found synergy
between MEK inhibition and STING agonism in several other human PDAC cell lines
demonstrating that this effect is not specific to CFPAC-1 cells (Supplementary Fig. S1B).
Among these cell lines, STING expression (Fig. 1D) clearly correlated with high synergy
(Fig. 1E), suggesting that baseline STING expression can predict responses to the combined
effect of STING activation and MEK inhibition. To determine whether the inhibitory effect
of MEK inhibition and STING agonism is cytotoxic, we measured cell death by flow
cytometry and found that the synergy caused significantly more cell death (Fig. 1F). To

Clin Cancer Res. Author manuscript; available in PMC 2024 February 14.
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test whether apoptosis was a component of cell death, we performed the drug response
assay in the presence of ZVAD-FMK (InvivoGen) and identified a 44% reduction in the
percentage of early apoptotic cells (Annexin V+ P1™€9) but a much smaller change in the
percentage of Annexin V+ Pl+ cells (Supplementary Fig. S1C) suggesting that apoptosis
plays a role but may not be solely responsible for the cell death induced by diABZI and
trametinib. Accordingly, we found an increase in cleaved PARP, caspase 3, and caspase 9
after treatment with both diABZI and trametinib (Fig. 1G). Mechanistically, we identified
a trametinib-dependent increase in BIMg|_ expression that was augmented by the addition
of diABZI (Supplementary Fig. S1D), highlighting a potential mechanism for the apoptotic
component of cell death.

STING signaling and MEK inhibition synergistically suppress tumor growth in vivo

To test the acute effects of STING activation /7 vivo, we designed a CFPAC-1 cell line with
a DOX-inducible expression of constitutively active STING (CFPAC-1 TetR STINGR284M:
ref. 34) and resultant phosphoactivation of IRF3, IFN-driven activation of STAT1, and
expression of the ISG; STAT1 and MX1 (Fig. 2A). As expected, trametinib had no effect
on DOX-induced STINGR284M protein expression in CFPAC-1 TetR STINGR284M ce||s
(Supplementary Fig. S2A), similar to the limited effect of trametinib on diABZI-activated
STING in the parental CFPAC-1 cell line (Supplementary Fig. S2A). /n vivo, the combined
effect of DOX and the MEKI, cobimetinib synergistically suppressed subcutaneous
xenografts of CFPAC-1 TetR STINGR284M cells (Fig. 2B; Supplementary Fig. S2B);
likewise, xenografts of the parental CFPAC-1 cell line were synergistically suppressed by
diABZI and cobimetinib (Fig. 2C; Supplementary Fig. S2C). Similarly, the combination of
diABZI and cobimetinib synergistically suppressed tumor growth in mice with subcutaneous
xenografts of a patient-derived tumor (XWR7; Fig. 2D; Supplementary Fig. S2D and

S2E). Consistent with STING and IFN driving these 7n vivo effects, 24-hour treatment
with diABZI phosphoactivated IRF3 leading to IFN-driven STAT1 phosphorylation and
expression of the ISG; IFIT1 and TYMP in XWR7 tumors (Supplementary Fig. S2F).

We found similar efficacy of the diABZI+cobimetinib combination in an /n vivo syngeneic
mouse tumor model using a cell line (KP4662) from the genetically engineered KPC PDAC
model implanted to C57BL/6 hosts (Supplementary Fig. S2G and S2H). Moreover, we
observed enhanced efficacy of diABZI in this model—relative to tumors in immunodeficient
hosts—that appeared later than effects of the drug combination (Supplementary Fig. S2G
and S2H). At endpoint, we observed more CD8* T-cell infiltrates, more inflammatory M1
macrophages, and fewer suppressor M2 macrophages in tumors from mice treated with
diABZI with or without cobimetinib (Supplementary Fig. S21). These data are consistent
with immunostimulatory effects of diABZI superimposed on the cytotoxic tumor cell-
intrinsic effect of the drug combination.

MEK inhibition amplifies STING-driven IFN and NFxB activity in vitro and in vivo

Cytotoxicity mediated by type | IFN signaling is tumor suppressive. On the basis of

our results, we hypothesized that STING-mediated production of type | IFN and/or its
downstream effector cytokines are augmented by MEK inhibition. To address this concept,
we assessed gene expression by RNA sequencing (RNA-seq) of CFPAC-1 cells exposed

Clin Cancer Res. Author manuscript; available in PMC 2024 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghukasyan et al.

Page 9

to diABZI with or without trametinib for 24 hours and identified 586 genes upregulated

by diABZI that were further upregulated by the combination of diABZI and MEK

inhibition (Fig. 3A, left). We assessed the ontology of this gene set with ENRICHR and
identified significant associations with a type I IFN response, TNFa and IL6 signaling, and
inflammation (Fig. 3A, right). We confirmed RNA-seq gene expression by RT-PCR and
found that /FNBI transcription was significantly higher when CFPAC-1 cells were exposed
to the combination of diABZI and trametinib compared with diABZI alone (Fig. 3B). We
found the same significant effect in four additional human PDAC cell lines (Supplementary
Fig. S3A), though to a lesser degree than CFPAC-1 cells. /FNB1 transcription in CFPAC-1
cells was also upregulated by a cGAS substrate (interferon stimulatory DNA; Supplementary
Fig. S3B), cGAMP activation of STING (Supplementary Fig. S3C), and when STING
agonism was combined with cobimetinib (Supplementary Fig. S3D). As expected, secreted
IFNB was detected in the supernatant of CFPAC-1 cell cultures (Fig. 3C). We also observed
downstream effects of IFN signaling—namely, phosphoactivation of STAT1 and STAT3, and
increased protein expression of transcriptional targets of IFNP signaling, MX1 and IFIT1
(Fig. 3D, left); SUIT2 cells were similarly affected (Fig. 3D, right). We confirmed that

the combination of STING agonism and MEK inhibition triggers IFN signaling /n vivo by
identifying phosphoactivation of STAT1 and increased expression of MX1 and IFIT1 in
CFPAC-1 xenografts treated /n vivo with diABZI and cobimetinib for 24 hours (Fig. 3E).

In line with enrichment of the NFxB pathway (Fig. 3A), the combination of diABZI

and trametinib increased transcription of /L6and 7A/Fin both CFPAC-1 (Fig. 3F) and
SUIT2 cells (Supplementary Fig. S3E). Extracellular IL6, TNF, IL1A, and IFNp levels were
elevated in diABZI-treated CFPAC-1 cells compared to diABZI alone, indicating increased
activation of NFxB (Fig. 3G; Supplementary Table S1).

Type | IFN signaling is essential for the synergy between STING activation and MEK
inhibition in vitro and in vivo

The combination of STING activation and MEK inhibition drove signaling and cytokine
production that is related to both IFNB and NFxB. Thus, we investigated whether IFNB
signaling alone was necessary and/or sufficient for the cytotoxic effects of the drug
combination. To accomplish this, we generated both CFPAC-1 and SUIT2 cells with
CRISPR/Cas9-mediated deletion of the IFNa receptor 1 (IFNAR1)-KO and demonstrated
that these cells could not upregulate 1SG in response to exogenous IFN (Supplementary Fig.
S4A). IFNAR1-KO cells were unable to phosphoactivate STAT1 in response to diABZI and
trametinib (Supplementary Fig. S4B), and as an expected consequence, were unaffected in
cell culture by the addition of diABZI to trametinib (Fig. 4A). These results were validated
in vivo, as the addition of diABZI to cobimetinib treatment had an insignificant impact on
survival (Fig. 4B) and tumor growth (Fig. 4C) in mice with IFNAR-KO xenografts despite
synergy between diABZI and cobimetinib in mice with xenografts of the parental CFPAC-1
cell line. Consistent with our previous /n vitroresults (Fig. 1F and G), parental CFPAC-1
xenografts expressed markers of apoptosis 24 hours after a single dose of diABZI that was
further elevated by treatment with the diABZI and cobimetinib combination (Fig. 4D). In
contrast, there was no evidence of apoptosis in IFNAR1-KO CFPAC-1 xenografts (Fig.
4D). These results demonstrated that IFNR signaling is necessary for the cytotoxic effect
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of diABZI and MEK inhibition. Mechanistically, exogenous IFN phenocopied the effects
of STING activation (Supplementary Fig. S4C), but deletion of IFNAR was insufficient to
ablate expression of some diABZI-influenced ISG (MX1 and IFIT1; Supplementary Fig.
S4B and S4C). These data indicate that STING-driven, IFN-mediated cytotoxicity may
depend on a unique pattern of ISG distinct from that induced by IFN alone, consistent with
previous reports of IFN-independent ISG expression (35, 36).

NFxB-driven expression of IRF1 but not IL6 contributes to the synergistic effects of STING
activation and MEK inhibition

STING activation promotes both a cytotoxic IFN response and a proinflammatory response
directed by NFxB. We confirmed that STING agonism promoted phosphoactivation of
TBK1 and IRF3 concomitantly with activation of NFxB in CFPAC-1 cells (Fig. 5A). As
expected, MEK inhibition did not influence phosphorylation of TBK1 or IRF3, but it did
augment STING-driven activation of NFxB (Fig. 5A), suggesting that NFxB may mediate
the synergistic effects of STING agonism and MEK inhibition. Consistent with this, we
found that inhibition of IKK (the required mediator of NFxB activation) with TPCA1
significantly reduced /FNBI transcription induced by diABZI with and without trametinib
(Fig. 5B) and similarly reduced expression of NFxB-regulated cytokines, /L6and 7NF (Fig.
5C).

NFxB-driven expression of IL6 and signaling through its receptor (IL6R) can promote
inflammation, apoptosis, and senescence. Thus, we considered that 1L6 signaling may

be necessary for—or contribute to—apoptosis mediated by IFN upon STING agonism.
However, we found no change in the response to diABZI and trametinib when IL6R

was inhibited with tocilizumab (Supplementary Fig. S5A and S5B) nor when IL6R was
genetically ablated in SUIT2 cells (Supplementary Fig. S5C). Moreover, the absence of
IL6R in SUIT2 cells prevented recombinant IL6 from activating its downstream effector,
STAT3, but did not prevent phosphoactivation of STAT3 by diABZI and trametinib
(Supplementary Fig. S5D). These data underscore the dominant role played by IFN in tumor
cell suppression mediated by STING agonism and MEK inhibition.

IRFs are well-known transcriptional targets of NFKB. We assessed expression of /RFgenes
in our RNA-seq dataset and found that diABZI and trametinib caused a synergistic increase
in several IRF family members after stimulation (Fig. 5D). Among these, /RF1is an
exceptionally strong regulator of /FNVB1 chromatin accessibility and is strongly induced

by NFkB (37, 38). We used TPCA-1 to confirm /RF1 as a target of NFkB in CFPAC-1

cells (Fig. 5E) and demonstrated that the robust increase in //RFZ induced by diABZI and
trametinib was NFKB dependent (Fig. 5E). In addition, genetic ablation of /RFIin CFPAC-1
cells slightly diminished the effects of diABZI—but nearly ablated the synergistic effects of
diABZI and trametinib—on /FNBI expression (Fig. 5F).

STING-driven cytotoxicity is inhibited by concomitant activation of MEK and subsequent
negative regulation of NFxB

Our results indicate that IRF1 expression downstream of NFxB activation contributes
to the IFN-mediated cytotoxicity driven by STING agonism, but that STING cannot
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fully activate NFxB in the presence of MEK activity. NFxB activity can be negatively
regulated by MEK signaling. As a consequence of IKKp phosphorylating NFxB, tumor
progression locus 2 (TPL2) is made available to activate its substrate, MEK (39).

We pharmacologically inhibited TPL2 and as expected, observed a decrease in diABZI-
dependent ERK phosphorylation after only 3 hours (Fig. 6A) and an increase in NFxB
phosphorylation after 24 hours (Fig. 6A). By comparison, trametinib was more effective at
suppressing ERK activation and relieving MEK-mediated inhibition of NFxB than TPL2
inhibition (Fig. 6A), suggesting that TPL2 is only partially responsible for MEK activation
in the context of STING activation. In line with these results, STING-driven expression of
IRF1 (Fig. 6B) and transcription of /FNBI, /L6, and TNFA (Fig. 6C) were significantly
increased by inhibiting TPL2, although not as effectively as with trametinib.

Discussion

In this study, we describe a mechanism for intrinsic STING-driven cytotoxicity in PDAC
tumors that underlies an insufficiently explored benefit of STING-agonist therapy. We show
that this is especially relevant to PDAC tumors that—unlike most tumors—express high
amounts of STING. Because single-agent therapies have shown marginal clinical benefit

in PDAC, we screened for drugs that could act synergistically with a STING agonist

and identified MEKi among the most effective. STING agonism and MEK inhibition in
combination promoted apoptosis of PDAC tumor cells both in vitroand in vivo that seemed
to be dependent on tumor cell STING expression levels. MEK inhibition strongly augmented
the ability of STING to drive both IFN and NFxB production, and the cytotoxic effects

of the synergy were dependent on signaling through the IFNa receptor. Although the
NF«xB transcriptional target, proinflammatory 1L6 was dispensable for cytotoxicity, NFxB
activation itself was required for the synergy. Mechanistically, we demonstrated that MEK
inhibition derepressed NFxB activation, leading to more IRF1 expression, priming of IRF3
targets for transcription, and a resultant increase in IFN production; it is also likely that
NF«xB directly promotes transcription of /FNBI1 (40). As an ISG, STING expression is

an expected consequence of IFN signaling; thus, completing a feed-forward cycle that

may augment the cytotoxic effects of diABZI and MEK inhibition (Fig. 7). Our work
identifies the participants and requirements for maximizing the therapeutic potential of
STING agonists to drive tumor cell—intrinsic cytotoxicity, apart from its effects on tumor
immunity.

Within the PDAC tumor environment, STING is expressed in leukocytes (29), cancer-
associated fibroblasts (41), and endothelial cells (42), and its activation can lead to dramatic
alterations in tumor immunity (31, 43). These radical, immunostimulatory changes in the
PDAC TME certainly contribute to the efficacy of STING agonists, yet the complexity and
robustness of STING activation within the TME has eclipsed the critical role for STING
activation and autocrine cytotoxicity in tumor cells themselves. Moreover, the variation in
STING expression and correlative responses to STING agonists among PDAC cell lines
suggest that a biomarker-guided approach may help select patients and maximize the
benefits of STING-driven autocrine cytotoxicity, especially in combination with broader
effects in the TME. Our data also reveal that MEK inhibition may further augment

the effects of STING agonists and may be specifically relevant to tumor cell-intrinsic

Clin Cancer Res. Author manuscript; available in PMC 2024 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ghukasyan et al.

Page 12

cytotoxicity. Other intracellular, nucleic acid—sensing receptors like RIG-I (44) and TLR7
(37, 38) may similarly synergize with MAP kinase pathway inhibition and IRF1-mediated
activation of IFN and 1SG.

More than 90% of PDAC tumors are driven by activating mutations in KRAS, and many
of the remainder harbor other mutations that activate RAF (45), promoting mitogenic

and survival signaling through the MAPK pathway. Therapeutic inhibition of the MAPK
pathway alone has modest efficacy and is characterized by cytostasis of tumor cells

rather than cytotoxicity—adaptive resistance is common (46). This may underly the failure
of trametinib to improve outcomes with gemcitabine in PDAC (47). In our study, we
demonstrated that MEK can suppress NFxB (and consequently, reduce IFN expression),
but that MEK inhibition alone is insufficient to drive NFxB and IFN-mediated cytotoxicity
—this effect required synergy with STING activation. The role of NFxB in the synergistic
cytotoxicity is primarily through its ability to enhance IFN expression, rather than through
production of inflammatory cytokines like IL6. Thus, NFxB may be a key mediator of

the duality of the STING effect by promoting tumor cell cytotoxicity through IFN while
concomitantly promoting inflammatory tumor immunity in the TME.

Exogenous IFN alone can phenocopy the effects of STING activation but leads to toxicities
and variable efficacy as a cancer therapeutic, despite several decades of trials. One concern
with exogenous IFN as a therapeutic is that tumors may have been regularly exposed to
endogenous IFN, shaping cancer cell evolution toward resistance. In fact, cancers commonly
develop resistance to radiotherapy (48), chemotherapy (49), and immunotherapy (50)—as
well as to IFN itself—by deleting IFN genes and disrupting IFN signaling (51, 52). This
may explain the insensitivity of some PDAC cell lines to diABZI in our study, even when
combined with MEK inhibition (Supplementary Fig. S1B). Chronic IFN production in
tumors also leads to a state of tolerance termed IFN-related DNA damage resistance (49,
53); tumors with this phenotype enigmatically express chronic, low levels of IFN along with
many ISG, yet exhibit none of the consequences expected from acute IFN exposure. This
may reflect many cell types in the TME adopting mechanisms that normally limit the IFN
response during chronic viral infections. However, our data suggest that PDAC tumor cells
may still be intrinsically sensitive to STING-driven IFN—especially in the context of MEK
inhibition—despite an IFN-tolerant TME.

We report that the cytotoxic effects of STING activation are normally constrained by MEK
signaling in PDAC tumor cells, but that MEK inhibition leads to a synergistic boost in
IFN-mediated cytotoxicity. We previously demonstrated that inhibition of ATR during IFN
signaling leads to nucleotide insufficiency and replication stress—related cytotoxicity in
PDAC, and as an extension, that STING-driven tumor cell cytotoxicity is also enhanced by
ATR inhibition (54). Thus, MEK inhibition would predictably further sensitize tumor cells
to replication stress in the context of ATR inhibition. Targeting both MEK and ATR may
strongly enhance the underappreciated role for STING agonists in driving autocrine tumor
cell cytotoxicity, and their effects would predictably compound the tumor cell-extrinsic
effects of STING activation in the TME. Small-molecule inhibition of KRAS is another
therapeutic approach that is an increasingly realistic treatment for PDAC. We have identified
that the STING pathway and STING agonism activates the MAPK pathway through TPL2,
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which is a direct activator of MEK and downstream of KRAS. Therefore, in PDAC where
STING is highly expressed in tumor cells (26), STING activation may be a source of
persistent MAPK activity and resistance to emerging allelic specific inhibitors of mutant
KRAS (55). This may be particularly pertinent if KRAS inhibitors are combined with
STING agonists in pancreatic cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

A new generation of oncology drugs targeting stimulator of interferon genes (STING)
has entered phase | clinical trials. STING agonists are primarily considered as
immunostimulatory drugs, and combination strategies typically pair them with immune
checkpoint inhibitors. This approach reflects the well-known functions of the STING
signaling pathway in leukocytes and the presumed mechanism of their action in solid
tumors, including pancreatic adenocarcinoma (PDAC). However, unlike other solid
tumors, PDAC expresses robust tumor cell-intrinsic STING. Identifying drugs that work
synergistically with STING agonists in PDAC should consider their direct activity on
tumor cells, independent of tumor immunity. Herein, we provide mechanistic evidence
that MEK inhibition uncovers the full potency of STING activation in PDAC through
autocrine type I IFN signaling that directly kills tumor cells and increases survival in
mouse models.

Clin Cancer Res. Author manuscript; available in PMC 2024 February 14.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Ghukasyan et al.

VINCULIN | s s e s e s s s -.q - 124 kd

F

IFNB1 transcript expression >

g 200
Control o ¢
= diABZI A
g 30 § 100 {NVP-BSKBOS5 (JAK) b (M »ﬁ‘
8 = WP1066 (JAK) o o
2 20 @ 0 SRuxolmnlh[JAK]
2 5 % ) VX-11e (ERK
g i T AZ960 (JAK) Ulixertinib (ERK)
£ 10 2 -1004 CEP33779 (JAK)
b AZD1480 (JAK)
oln 1115 —2p0 LRuxoltind (JAK) Drug (target)
o P\ T B
p & oS ,‘S‘@ @‘3 O‘gF’ 430 protein kinase inhibitors
60
o &
S (,e"— e 0 » S F 8
Q F <~° o Qo Qg'o é")
c? e‘? QP ¢ rs““égcq*b -\:“@"’ Qe

- e '

6

4

%Cells Pl+/Annexin+

Eadid G
1
0 o
r diABZI: - + - +
e Trametinib: - - + +
ol deaved
CASP3

0 PARP
VINCULIN
. i || CFPAC-1

Vehicle SABZ) Trametinib SABZI+
Trametinit

Figure 1.

(9]

120 ..-. LAl L]

=1
o

@
(=]

B
o

Relative viable cell number
~N [+:]
(=] (=]

STING expression
e High === Low

Page 18

Ladld

Jﬂm ||\ ||1

STING-KO  WT+TBK1i

Ill]]juL

f«e““ ‘%ﬁ@"@f‘% ”ﬁf«*,ﬁ

STING agonist diABZI is synergistically cytotoxic with MEK inhibition in PDAC cell

lines with high STING expression. A, Mean /FNBI gene expression in a panel of human
PDAC cell lines = 1 pmol/L diABZI exposure for 24 hours (bars represent means, three
replicates shown). B, Synergy scores for 430 kinase inhibitors (7 nmol/L to 5 pmol/L each)
and STING activation with 1 pmol/L diABZI in CFPAC-1 cells (A= 2 for each drug).
Synergistic MEKIi, ERK inhibitors, and antagonistic JAK inhibitors are indicated in red,
green, and blue, respectively. C, The effect of diABZI and trametinib on expansion of
CFPAC-1 cells (parental, ST/NG-deficient, or parental with TBKZ1 inhibition) 7 vitro for 72
hours as measured by CellTiter-Glo (CTG; bars represent means, four replicates shown). D,
Immunoblot analysis of baseline STING expression in a panel of human PDAC cell lines.
E, The effect of 1 umol/L diABZI on trametinib dose-response curves (by CTG) on a panel
of human PDAC cell lines; y-axis represents the difference between area under the curve
(AAUC) of diABZI + trametinib and trametinib only; larger positive values indicate stronger
synergy. F, The percentage of dead CFPAC-1 cells (Annexin V+ PI+) by flow cytometry
after culture with = 1 umol/L diABZI + 200 nmol/L trametinib for 72 hours (bars represent
means, three replicates shown; one-way ANOVA). G, Immunoblot analysis of apoptotic
indicators in CFPAC-1 cells cultured + 1 pmol/L diABZI £ 200 nmol/L trametinib for 24

hours. ***, £<0.001; **** P<0.0001.
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Figure 2.

STING activation synergizes with MEK inhibition to suppress xenografts of CFPAC-1 and a
patient-derived tumor. A, Immunoblot analysis of CFPAC-1 TetR STINGR284M ce||s + 100
U/mL IFNB or 50 ng/mL DOX for 24 hours. B, Growth of CFPAC-1 TetR STINGR284M
subcutaneous xenografts in mice £ DOX diet and/or + 5 mg/kg cobimetinib daily for the
range of days shaded blue. C, Growth of CFPAC-1 subcutaneous xenograft tumors in mice
treated £ 1.5 mg/kg diABZI (for days indicated on the x-axis by black bars) and/or £ 5
mg/kg cobimetinib daily. D, Growth of xenografts of XWR?7 patient-derived tumors treated
+ 1.5 mg/kg diABZI (for days indicated on the x-axis by black bars) and/or + 5 mg/kg
cobimetinib daily. Tumor volumes for all experiments were measured by caliper (mean
SEM; N=6-8). **, P<0.01; ***, P<0.001).
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Figure 3.

MEK inhibition amplifies STING-mediated type | IFN and NFxB activity /in vitroand in
vivo. A, RNA-seq analysis of CFPAC-1 cells 24 hours after treatment + 1 umol/L diABZI +
100 nmol/L trametinib using biological duplicates. The 11,260 genes with treatment-linked
alterations in expression were clustered into four groups (heatmap, left). The top five gene
expression pathways as determined by ENRICHR are given for each of the four clusters
(right). B, RT-PCR analysis of /FNB1 transcript levels in CFPAC-1 cells after 24 hours of
culture £ 1 umol/L diABZI £ 100 nmol/L trametinib (mean £ SEM; A= 3). C, ELISA
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detection of IFNP in supernatants from 24 hours of culture of CFPAC-1 cells £ 1 pmol/L
diABZI £ 100 nmol/L trametinib (mean + SEM; /= 3). D, Immunoblot analysis of
CFPAC-1 (left) and SUIT2 (right) cells after 24 hours of culture £ 1umol/L diABZI + 100
nmol/L trametinib. E, Immunoblot analysis of subcutaneous tumors of CFPAC-1 cells in
NSG mice, 24 hours after single dose of + 1.5 mg/kg diABZI i.v = 5 mg/kg cobimetinib
orally (MW= 2). F, RT-PCR analysis of /L6 (left) and 7NF (right) gene expression in
CFPAC-1 cells after 24 hours of culture + 1 umol/L diABZI £ 100 nmol/L trametinib for
24 hours (mean £ SEM; N = 3). G, Heatmap representing relative expression of select
drug-responsive cytokines from a human 38-plex chemokine/cytokine luminex assay of
cultured media collected 24 hours after culture of CFPAC-1 cells £ 1 umol/L diABZI + 100
nmol/L trametinib. ***, £< 0.001; **** P£< 0.0001.
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Figure 4.
Type | IFN signaling is essential for the synergy between STING agonist and MEK:i /n

vitroand in vivo. A, Proliferation of WT and IFNAR1-KO CFPAC-1 (left chart) and

SUIT2 (right chart) cells in response to +1 pmol/L diABZI + 100 nmol/L trametinib for

72 hours as measured by the CTG assay (mean = SEM; N = 4). B, Percentage of mice
surviving with CFPAC-1 parental (left) or IFNAR1-KO (right) xenografts < 500 mm3 after
treatment + 1.5 mg/kg diABZI (for days indicated on the x-axis by black bars) and/or + 5
mg/kg cobimetinib daily. C, Vehicle cohort-normalized tumor volumes from cross-sectional
analysis of xenografts 52 days after implantation with the treatment regimens described for
B (mean £ SEM; N/ = 8). D, Immunoblot analysis of CFPAC-1 (WT and IFNAR1-KO)
xenografts 24 hours after treatment + 1.5 mg/kg diABZI i.v = 5 mg/kg cobimetinib (V= 2).
*, P<0.05; **, P<0.01; **** P<0.0001. WT, wild-type.

Clin Cancer Res. Author manuscript; available in PMC 2024 February 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ghukasyan et al. Page 23

A sz - .- B JFNE:E" c
Trametinib; - - + + L6 TNE
1.100 Rl
pTeK1 [T 84 kd & o, " - =
o [ 41 > ) -
2 1 . ¥
PIRES (R 47 v HEC is i B
IRF3!4? hd g 13 -3 S "
NF-xB P65 65 kd | 5 g% 2 f
PIES ssss: gi i G E= 44 . 41 :
e s [ s ] A
—— 7 10 - |
pERK12 [S @ |42 oLowe M o M 1 E[ o MM i JHMAN . -~
ERK1/2 [ 0 o0 i 42,44 kd AT - oy o = = GIABZIE - + - + - 4 - + c KBS § 3
Trametinib: - - + + - - 4+ 4+ Trametinib: - - + + - - + + m e of M = e mf
VINCULINH124M TPCA-1: = = = = + + + + TPCA-1: = = = = 4+ + + + S ooes e w M @ ok
IFNB1
kA
D {\\‘0 . . F 800, ' e 1
@ ,‘> é{\ 00 diABZlI: - + = + = + = 4 e
é(\c' \?@ @6\ 06‘ Trametinb: - - + + = = + + 700+ v
~ & A O TPCA-1: - - = = + + + + 6001 1
BN mmmm i is
HEEEE BN RF ﬁg o
HE ' BNNN RFe g ;
m mmaE e oo [ERRRRRRSRR e §E
=
- — 0] .
dIARPE: = g % B e B S e
Trametinb: - - + + - - & + = - &+ &
WT IRF1IKO#1  IRF1KO #2
Figureb.

NFxB mediates the synergistic effects of STING activation and MEK inhibition through
IRF1. A, Immunoblot analysis of CFPAC-1 cells cultured + 1 umol/L diABZI + 100 umol/L
trametinib for 24 hours. B, RT-PCR analysis of /FNBI expression in CFPAC-1 cells cultured
+1 pmol/L diABZI + 100 nmol/L trametinib + 10 umol/L TPCA-1 (IKK-2 inhibitor) for

24 hours (mean = SEM; V= 3). C, RT-PCR analysis of /L6 (left) and 7NFA (right) gene
expression in CFPAC-1 cells cultured + 1 pmol/L diABZI £ 100 nmol/L trametinib + 10
umol/L TPCA-1 (IKK-2 inhibitor) for 24 hours (mean + SEM; = 3). D, Relative gene
expression of IRF family members in CFPAC-1 cells cultured £ 1 umol/L diABZI + 100
nmol/L trametinib. E, Expression of IRF1 in CFPAC-1 cells after 24 hours of culture £

1 pmol/L diABZI £ 100 nmol/L trametinib = 10 umol/L TPCA-1. F, RT-PCR analysis

of /FNBI gene expression in parental or IRF1-deficient CFPAC-1 cells after 24 hours of
culture £ 1 umol/L diABZI £ 100 nmol/L trametinib.
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Figure®6.

Activation of MEK by TPL2 inhibits activation of NFxB by STING. A, Immunoblot
analysis of CFPAC-1 cells cultured for 3 or 24 hours + 1 umol/L diABZI £+ 100 nmol/L
trametinib £ 10 umol/L TPL2i. B, Immunoblot analysis of IRF1 expression in CFPAC-1
cells cultured for 24 hours = 1 pmol/L diABZI £ 100 nmol/L trametinib = 10 pmol/L TPL2i.
C, RT-PCR analysis of /FNBI1, /L6, and TNFexpression in CFPAC-1 cells treated + 1
pumol/L diABZI £ 100 nmol/L trametinib + 10 pmol/L TPL2i for 24 hours (mean = SEM; N
=3).
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Figure7.
Relevant pathways linking STING, MEK, and IFN activity. Activation of the STING

pathway (dark blue) through TBK1 and IRF3 by diABZI drives a kinase activation cascade
leading to IRF3-driven transcription of IFN. In turn, IFN can trigger cell-intrinsic
signaling (light blue) through the IFN receptor mediated by JAK/STAT signaling and
leading to transcription activation from interferon-sensitive response elements (ISRE) and
expression of ISG. STING itself is an ISG promoting feed-forward IFN effects. In parallel to
IFN stimulation, STING activation also activates IKK derepression of NFxB (p65/p50) and
resultant expression of IRF1 that further promotes IFNp expression. MEK/ERK signaling
(green) represses NFxB activation. Inhibition of MEK/ERK signaling by trametinib,
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TPCAL, or inhibition of TPL2 allows robust NFxB activation, furthering IFN-mediated
intrinsic cytotoxicity.
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Key Resources

Reagent Source Identifier
DMEM Corning 10-107-CV
RPMI 1640 Corning 10-040-CV
Fetal bovine serum Omega Scientific FB-11
Dialyzed fetal bovine serum Omega Scientific FB-03
Lipofectamine 3000 ThermoFisher Scientific L.3000001
OptiMEM ThermoFisher Scientific 31985-062
Polyethyleneimine Polysciences 23966-1
Human IFNB PBL Assay Science 11415-1
Human Recombinant IL-6 PeproTech 200-06
diABZI Selleckchem S8796
Trametinib Selleckchem S2673
Cobimetinib Selleckchem S8041
SCH772984 Selleckchem S7101
SC144 Selleckchem S7124
TPL2 inhibitor Cayman 19710
Tocilizumab Selleckchem A2012
TPCAl Selleckchem S2824
Z-VAD-FMK InvivoGen tlrl-vad
Doxycycline Clontech 631311
BCA assay ThermoFisher Scientific 23225
RIPA protein lysis buffer Boston BioProducts BP-115
Laemmli loading dye Boston BioProducts BP-110R
4-12% bis-tris gels ThermoFisher Scientific NP0336
Nitrocellulose membrane ThermoFisher Scientific 88018
Nonfat dry milk ThermoFisher Scientific M-0841
Tris-buffered saline ThermoFisher Scientific 50-751-7046
Tween-20 Sigma-Aldrich P9416
Bovine Serum Albumin Fisher Scientific 9048-46-8
Halt protease inhibitor cocktail ThermoFisher Scientific P178430
Halt phosphatase inhibitor cocktail ThermoFisher Scientific P178428
Immobilon Western HRP Substrate - Forte Millipore WBLUF0500
NucleoSpin RNA Takara 740955.250
MultiScribe Reverse Transcriptase ThermoFisher Scientific 4311235
2x qPCR Universal Green MasterMix Lamda Biotech gMX-Green
Hard tissue homogenizing vials Omni International 19-628
Halt protease inhibitor cocktail ThermoFisher Scientific P178430
Halt phosphatase inhibitor cocktail ThermoFisher Scientific P178428
White 2D Opaque 384-well Plate Greiner BioOne CellStar 82051-278
Doxycycline supplemented rodent diet Envigo TD.120769
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Reagent Source Identifier
Control rodent diet Envigo TD.00588
PEG-400 Millipore Sigma PX1286B-2
Critical Commercial Assay Source Identifier
VeriKline Human IFN Beta ELISA PBL Assay Science 41410-1
2D CellTiterGlo Cell Viability Assay Promega G7572
RealTime-Glo MT Cell Viability Assay Promega G9711
Annexin-V FITC Apoptosis Kit BioVision K101-25
MycoPlasma Detection Kit Sigma-Aldrich MP0025
Antibodies Source I dentifier
TOTAL STAT1 Cell Signaling Technology 14994
PHOSPHO STAT1 Y701 Cell Signaling Technology 9167
MX1 Cell Signaling Technology 37849
VINCULIN Cell Signaling Technology 13901
TYMP Cell Signaling Technology 4307
TOTAL STAT3 Cell Signaling Technology 9139
PHOSPHO STAT3 Y705 Cell Signaling Technology 9145
PHOSPHO STING S366 Cell Signaling Technology 50907
STING (TMEM173) Cell Signaling Technology 13647
TBK1 Cell Signaling Technology 3013
PHOSPHO TBK1 S172 Cell Signaling Technology 5483
PHOSPHO IRF3 S386 Abcam 76493
IRF3 Cell Signaling Technology 4302
NFKB P65 Cell Signaling Technology 8242
PHOSPHO NFKB P65 S536 Cell Signaling Technology 3033
P44/42 MAPK (ERK1/2) Cell Signaling Technology 4695
PHOSPHO P44/42 MAPK (pERK1/2) Cell Signaling Technology 4370
CLEAVED CASPASE 3 Cell Signaling Technology 9662
CLEAVED CASPASE 9 Cell Signaling Technology 20750
CLEAVED PARP Cell Signaling Technology 5625
BIM Cell Signaling Technology 2933
PHOSPHO H2AX S139 Cell Signaling Technology 9718
IFNAR1 Santa Cruz Biotechnology 7391
IFIT1 Cell Signaling Technology 14769
IRF1
ANTI-RABBIT IgG, HRP-LINKED Cell Signaling Technology 7074
ANTI-MOUSE 1gG, HRP-LINKED Cell Signaling Technology 7076
RT-PCR Primer Forward Reverse

human IFNB1

human IL6

CAGCAATTTTCAGTGTCAGAAGC TCATCCTGTCCTTGAGGCAGT
AATTCGGTACATCCTCGACGG

GGTTGTTTTCTGCCAGTGCC
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Reagent Source Identifier
human TNFA CCCAGGCAGTCAGATCATCTTC TCTCTCAGCTCCACGCCATT
human ACTIN CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
gRNA Sequence #1 #2
IFNAR1 KO GCACTAGGGTCGTCGCGCCC GCTCGTCGCCGTGGCGCCAT
IL6R KO CACCCATCCCTGACGACAA TGCATCCGCCGTACTCTTTG
IRF1 KO TCTAGGCCGATACAAAGCAG CACCTCCTCGATATCTGGCA
STING KO GCATGCTTAGGGACTTATAG GTCCAAGTTCGTGCGAGGCT
Software Source Identifier
Prism 7 GraphPad Software N/A
Flowjo 7.6 TreeStar N/A
Instrument Manufacturer Assay
Attune NxT ThermoFisher Flow Cytometry

Microplate reader

BeadRuptor Elite

Odyssey Fc Imaging System
QunatStudio3 RT-PCR System

BioTek

OMNI International
LI-COR
Applied Biosystems

Luminesence Cell Viabilioty
Assays

Tissue Homogenization
Western Blot Reading
gRT-PCR
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