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Type | interferons (IFNs) are critical effectors of emerging cancer
immunotherapies designed to activate pattern recognition recep-
tors (PRRs). A challenge in the clinical translation of these agents is
the lack of noninvasive pharmacodynamic biomarkers that indi-
cate increased intratumoral IFN signaling following PRR activation.
Positron emission tomography (PET) imaging enables the visuali-
zation of tissue metabolic activity, but whether IFN signaling-
induced alterations in tumor cell metabolism can be detected us-
ing PET has not been investigated. We found that IFN signaling
augments pancreatic ductal adenocarcinoma (PDAC) cell nucleo-
tide metabolism via transcriptional induction of metabolism-
associated genes including thymidine phosphorylase (TYMP). TYMP
catalyzes the first step in the catabolism of thymidine, which
competitively inhibits intratumoral accumulation of the nucleoside
analog PET probe 3’-deoxy-3'-['®FIfluorothymidine (['®FIFLT). Ac-
cordingly, IFN treatment up-regulates cancer cell ['®F]FLT uptake in
the presence of thymidine, and this effect is dependent upon TYMP
expression. In vivo, genetic activation of stimulator of interferon
genes (STING), a PRR highly expressed in PDAC, enhances the ['éF]
FLT avidity of xenograft tumors. Additionally, small molecule STING
agonists trigger IFN signaling-dependent TYMP expression in PDAC
cells and increase tumor ['®F]FLT uptake in vivo following systemic
treatment. These findings indicate that ["®FIFLT accumulation in tu-
mors is sensitive to IFN signaling and that ["®FIFLT PET may serve as
a pharmacodynamic biomarker for STING agonist-based therapies
in PDAC and possibly other malignancies characterized by elevated
STING expression.

interferon | STING | PET imaging | nucleotide metabolism |
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ype I interferons (IFNs) are pleiotropic cytokines that are

well studied for their multifaceted roles in stimulating anti-
cancer and antiviral immune responses (1). While recombinant
type I IFNs (IFN-o2a and IFN-a2b) have been evaluated as
antitumor agents, vaccine adjuvants, and antiviral therapies, they
are associated with pharmacokinetic limitations (2, 3). An emerg-
ing approach to overcome this obstacle involves the stimulation of
endogenous IFN production using synthetic small molecule ago-
nists of pattern recognition receptors (PRRs), which govern en-
dogenous production of IFNs. PRR-regulated signaling pathways
are stimulated by pathogen-associated factors, such as RNA deg-
radation products, or alternatively by mislocalized self nucleic acids
(4, 5). PRREs initiate a multifaceted cytokine response that mod-
erates a diverse but coordinated set of anticancer and antipathogen
effects (6). The recent development and translation of PRR
pathway activators, including agonists of toll-like receptors and
stimulator of interferon genes (STING), has reinvigorated the
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investigation of therapeutic IFN amplification in the context of
cancer immunotherapy (7).

STING, a key regulator of IFN production, has emerged as a
promising immunotherapeutic target in cancer (8). Several iter-
ations of STING agonists have been investigated in preclinical
and clinical settings and have been shown to stimulate antitumor
CD8* T cell responses that are potentiated by cytotoxic therapy
or immune checkpoint blockade combinations (NCT03172936,
NCT02675439, and NCT03843359) (9-11). While initial ap-
proaches to target STING centered on analogs of the endogenous
STING ligand 2'-3’-cyclic guanosine monophosphate—adenosine
monophosphate (cGAMP) and required intratumoral administra-
tion, synthetic STING agonists with systemic activity have recently
been described and are under clinical investigation (NCT03843359)
(7, 10). It is thought that IFN signaling triggered by STING agonists
will be particularly beneficial in the context of immunologically
cold, T cell-excluded tumors such as pancreatic ductal adenocar-
cinoma (PDAC). Importantly, PDAC is characterized by high ex-
pression of STING, which is detectable in the cancer cell
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bolic alterations in pancreas cancer cells which can be visual-
ized in vivo by noninvasive 3’-deoxy-3’-['®FIfluorothymidine
positron emission tomography (PET) imaging. Therefore, PET
imaging may have utility as a pharmacodynamic readout in the
translation of emerging interferon-inducing therapies, includ-
ing STING agonists, for cancer therapy.
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compartment of tumors (12). Additionally, PDAC cells are ca- comprised of IFNAR1/IFNAR?2, which initiates a Janus kinasel
pable of sensing and responding to alterations in local IFN levels, (JAK1)/TYK2-mediated signaling cascade that stimulates ISGF3
and tumor cell-intrinsic IFN responses contribute to the efficacy  transcription factor complex activation and, ultimately, the tran-
of STING agonists in PDAC models (13). scriptional up-regulation of interferon-stimulated genes (ISGs) (2).

A challenge in the translation of STING agonists is the Effector ISGs have diverse biological functions but operate to-
identification of pharmacodynamic biomarkers to track the lo-  gether to initiate and sustain antipathogen responses. Importantly,
calization and duration of downstream IFN-driven responses. ISG expression is temporally uncoupled from the binding of IFNs
Mechanistically, IFNs function by binding a dimeric receptor  to their receptors, and ISG expression driven by unphosphorylated

A B C media dC / [13Cs]dC media dT / [13Cs]dT
10 13C 13Ce 0.5, 0.5
[3Ce]glucose [ S]d,(i ;C“’]dT 5 xk =
‘ NT 3 04 ——— 0.4
[0) ‘. o) —
p=} n. v . H A/ \A kel D
5 8 Zoaite s [15CsldC [”Cs]dT\ 2 03] e ﬁ 0.3
o ; _ TYMP 52 0.2 0.2
g 6 dCK  SAMHD1 TK1 x 5 .
- : , S 0.1 A
i , 3 "ME 01 ﬁ
‘ R SO B g0l =5 ool
5 5 SLCTATT -» [3CaCTP N\ IFNg: -+ -+ - + S
. 13 (s "
logz fold change (IFNB/NT) > [FCsldTTP N UF SO S EF €
&‘l‘\ x V\ ‘l:\ x @
¥ R e
D 5T E IFNB N —
th d o. N” o HO_ ,n\N 0 . -
Y(rgll_)lne E j 1/\_/\ [18F]FLT _92,\ 100 + |FNB MX1 -76 kd
- © O -
NT 22 = aic TYmp [ |50 kd
n
_— dT/._\ \[A'SF]FLT ont UE"; 50 raee 590 nM SAMHD1 -70 kd
NN rs al s Tt [ -] 26
TK1 0= ‘ ‘ =, = VINCULINEI 124 kd
tymige dT(uM): 0.0 041 03 10 30 10 SUIT2
TMP  [8F]FLT-MP
G PDSALéj”;;Zells [13Cs]glucose Fst]dT [15N2]DNA-T ['3Cs]DNA-T [13Cs]DNA-C
+ IFNB NT 5% 0 0
Ato |24h [1SNZdT — 2 6 304 ns. 304 —
[13Ce]glucose § ‘ TYMP g‘
[oNaldT |, TK1 g 4 20 20
media v v thymine <
[13Cs]dTTP [5NoJdTTP  dR1P Z 2 ﬂ 10 10
extract and hydrolyze DNA °
H - ARG = B oL oIt
DNA IFNB + -+ -+
LC-MS/MS
H | J 200
—— _ENB s - IFNB we - IFNB
o 200 +IFNB @200 + IFNB o - - = L IFNB
sg e sg
Q= le =1 =]
55 55 5§ 100
=8 100 8 100 53
L. O L. O L. O
R R R
- 0 ~ o0 - 0
shC  shTYMP -JAKI  + JAKi HPAFII  CFPAC1 SW1990

Fig. 1. Type I IFN signaling promotes TYMP-dependent ['®F]FLT uptake in PDAC cells. (A) RNA-seq analysis of SUIT2 cells treated + 100 U/mL IFN-p for 24 h
(n =3; FDR < 0.01%). (B) Schematic of the regulation of dT and dC levels by SAMHD1, TYMP, dCK, and TK1. NT: nucleoside transporter. (C) LC-MS/MS analysis
of media dC and dT levels from SUIT2 parental, TK1 CRISPR/Cas9 KO, and SAMHD1 KO cell cultures treated + 100 U/mL IFN- for 24 h supplemented with 1 g/L
['*Cglglucose. TK1 KO cells were treated + 1 pM DI-82 (dCKi; mean + SD; n = 3; one-way ANOVA corrected for multiple comparisons by Bonferroni adjust-
ment). Unlabeled and ['3C¢]glucose-labeled media nucleoside fractions are indicated. (D) Regulation of ['®F]FLT accumulation by competition with dT. (E) ['®F]
FLT uptake in SUIT2 cells treated + 100 U/mL IFN- for 24 h and subsequently pulsed with 5 uCi ['®FIFLT alongside indicated concentrations of dT for 2 h
(mean + SD; n = 3; unpaired t test). Insert indicates half maximal inhibitory concentration (ICse) of dT for inhibition of ['®FIFLT uptake. (F) Inmunoblot analysis
of SUIT2 cells treated + 100 U/mL IFN-p for 24 h. (G) Incorporation of ['*Cglglucose and ['°N,]dT into newly replicated thymidine in DNA (DNA-T) and
deoxycytidine in DNA (DNA-C) evaluated using LC-MS/MS. SUIT2 cells were treated + 100 U/mL IFN-§ for 24 h and transitioned to media containing 1 g/L ['3C]
glucose + 1 pM [">N,]dT + IFN-B for 24 h. (mean + SD; n = 3; unpaired t test). (H) ['®F]FLT uptake in SUIT2 shControl (shC) and shTYMP cells treated + 100 U/mL
IFN-p for 24 h performed as in E (mean + SD; n = 3; one-way ANOVA corrected for multiple comparisons by Bonferroni adjustment). (/) ["8FIFLT uptake in SUIT2
cells treated + 100 U/mL IFN-B + 1 pM ruxolitinib (JAKi) for 24 h performed as in E (mean + SD; n = 3; one-way ANOVA corrected for multiple comparisons by
Bonferroni adjustment). (J) ['®F]FLT uptake in HPAFII, CFPAC1, and SW1990 cells performed as in E (mean + SD; n = 3; unpaired t test). *P < 0.05; **P < 0.01;

**%P < 0.001; ****P < 0.0001.
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STAT-containing ISGF3 complexes can persist in the absence of
IFN following an initial signal (14). Thus, neither the measurement
of PRR agonist or IFN levels is sufficient to infer IFN signaling
responses and ISG expression. Therefore, we aimed to identify
noninvasive approaches suitable for the tracking of ISG expression
downstream of STING activation in vivo.

Positron emission tomography (PET) is a highly adaptable,
noninvasive diagnostic technology that enables detection and
quantification of radionuclide-labeled probe biodistribution in
vivo. PET has proven to be particularly well suited for the vi-
sualization of biochemical pathway activity through the tracking
of metabolite probes, which include ['®F]-labeled analogs of
glucose, amino acids, and nucleosides (15-18). While multiple
factors contribute to metabolite analog PET probe accumulation
in tissues, new insight into the determinants influencing their
uptake can enable the repurposing of these probes as biomarkers
for emerging therapies. Recently, IFNs have been linked to met-
abolic reprogramming in tumor cells through the transcriptional
regulation of metabolism-linked ISGs (19). However, whether
these metabolic effects of IFNs can be visualized by noninvasive
imaging approaches, such as PET, has not been investigated. We
reasoned that a systematic evaluation of IFN-induced metabolic
reprogramming and the identification of metabolic pathways
linked to the uptake of metabolite analog PET probes could en-
able the development and translation of noninvasive imaging
strategies to track STING agonist-driven IFN signaling in vivo.

Results

Type | IFN Induces Thymidine Phosphorylase-Dependent 3’-deoxy-3'-
[*®Flfluorothymidine Accumulation in PDAC Cells. Aiming to identify
metabolic networks transcriptionally altered by IFN exposure,
we performed RNA-sequencing (RNA-seq) analysis of SUIT2
PDAC cells treated with or without type I IFN (IFN-p) for 24 h.
In addition to canonical ISGs, we detected alterations (>2 fold-
change, false discovery rate [FDR] < 0.01%) in the expression of
metabolism-related genes associated with various metabolic
pathways (Fig. 14). IFN altered the expression of genes associ-
ated with tryptophan metabolism (IDO1) and NAD*/NADH
metabolism (PARP9/10/14), consistent with previous findings from
our group (19). IEN triggered transcriptional down-regulation of
the cysteine-glutamate antiporter (SLC7A11), which has been
shown to be down-regulated in tumor cells following exposure to
type II IFN in combination with ionizing radiation (20). We also
observed up-regulation of genes associated with nucleoside pro-
duction (sterile alpha motif and HD domain—containing protein 1
[SAMHD1]) and breakdown (thymidine phosphorylase [TYMP]).
Importantly, nucleoside levels have been shown to critically
determine the uptake of nucleoside analog PET probes such as
3'-deoxy-3'-['®F]fluorothymidine (FLT) and 2-chloro-2’-deoxy-2"-
[*®F]fluoro-9-p-d-arabinofuranosyl-adenine (CFA) (21, 22). Taken
together, these observations suggested that IFN signaling could
influence nucleoside analog PET probe accumulation in tumor
cells via the modulation of nucleoside levels.

Via deoxyribonucleotide triphosphate (dNTP) phosphohy-
drolysis, the ISG SAMHD1 mediates the production of various
deoxyribonucleosides (dNs), which each have unique metabolic
fates (23). While purine dNs are rapidly degraded, deoxycytidine
(dC) produced via deoxycytidine triphosphate (dCTP) phos-
phohydrolysis can be either recaptured by cells via deoxycytidine
kinase (dCK), effluxed into the environment via equilibrative
nucleoside transporters (ENT), or broken down by cytidine de-
aminase (CDA). In parallel, SAMHD1-produced thymidine (dT)
is either phosphorylated and trapped by thymidine kinase 1 (TK1),
released via ENT, or catabolized by TYMP, which liberates the
thymine nucleobase from the deoxyribose sugar (Fig. 1B). To in-
vestigate the impact of IFN and the roles of nucleoside kinases on
dN efflux in PDAC cells, we generated SUIT2 SAMHD1 knockout
(KO) cells, SUIT2 TK1 KO cells (SI Appendix, Fig. S1 A and B),
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and additionally utilized a small molecule dCK inhibitor (DI-82)
developed by our group (24). We employed liquid chromatography
mass spectrometry (LC-MS/MS) in the multiple reaction moni-
toring (MRM) mode to evaluate media nucleoside levels following
treatment in the presence of ['*Cglglucose, which enables the
tracking of newly synthesized metabolites (25). We found that IFN
treatment enhances SAMHD1-dependent efflux of glucose-labeled
dC ([®Cs]dC), which is further potentiated by dCK inhibition
(Fig. 1C). In contrast, while TK1 KO enhanced and SAMHD1 KO
diminished dT efflux, dT levels decreased following IFN treatment,
suggesting that IFN-induced TYMP reduces environmental dT
(Fig. 1C).

Given that both intrinsically high TYMP expression and ex-
ogenous administration of TYMP have been shown to promote
tumor FLT PET probe accumulation in vivo through the de-
pletion of native dT (21, 26), we reasoned that TYMP induction
by IFN could be leveraged for the detection of IFN signaling
responses using PET imaging. ['"®*F]FLT is an analog of dT and a
substrate for the cell cycle S-phase restricted/TK1-mediated py-
rimidine salvage pathway, which functions in parallel with the de
novo pathway to synthesize deoxythymidine triphosphate (dTTP)
for DNA replication and repair (18, 27). Mechanistically, TYMP
drives ['®F]FLT uptake in tumors by catalyzing the breakdown of
dT, which competes with ["*F]FLT for phosphorylation and in-
tracellular trapping by TK1 (Fig. 1D) (18, 28). Additionally, the
fluorine substitution renders FLT resistant to TYMP-mediated
degradation and significantly decreases its affinity for TK1 (26).
Thus, ["®F]FLT accumulation in tissues is a marker for both the
degree of TK1 expression (a function of proliferation) and local
dT abundance, which is regulated by TYMP. To determine the
impact of IFN signaling on ['®*F]FLT uptake, we cultured SUIT2
cells in the presence of IFN-f for 24 h and subsequently pulsed
cells with ["®F]FLT alongside varying concentrations of dT.
While IFN-$ did not alter ['*F]FLT uptake in the absence of dT,
probe uptake in the presence of 1 pM dT was increased >twofold
by IFN-p pretreatment (Fig. 1E). This result indicated that de-
creased competition between ['*F]FLT and dT, and not alterations
in the expression or activity of TK1, likely underlies IFN-p-induced
increases in probe uptake. Consistently, IFN treatment elevated
the protein levels of MX1, TYMP, and SAMHD1 but had no ef-
fect on TK1 (Fig. 1F).

To obtain further evidence in support of this model, we uti-
lized a dual stable isotope-labeled metabolite tracking approach
coupled with LC-MS/MS-MRM to evaluate the impact of IFN
signaling on the discrete contributions of de novo and salvage
pathways DNA replication, in particular to dT in newly repli-
cated DNA (DNA-T) (29). For this experiment, 24 h after
treatment + IFN-B, SUIT2 cells were transitioned to media
containing [*Ce]glucose (to track de novo pathway activity) and
["N,]dT (to track salvage pathway activity) for an additional
24 h before DNA purification (Fig. 1G). Isolated DNA was hy-
drolyzed to release nucleosides, which were analyzed by LC-MS/
MS-MRM. IFN signaling selectively impaired the ability of
["*N,]dT to contribute to DNA-T, while it did not significantly
alter the contribution of ['*C4]glucose newly synthesized DNA-
T. In summary, IFN signaling enhances ["*F]FLT uptake in
PDAC cells in the presence of dT while restricting the ability of
cells to utilize extracellular dT for DNA replication.

To confirm a role for TYMP as an IFN-regulated mediator of
['"®F]JFLT uptake, we knocked down TYMP in SUIT2 cells using
short hairpin RNA (shRNA) and found that the IFN-p-induced
increase in ["*F]FLT probe accumulation was lost upon TYMP
silencing (Fig. 1H and SI Appendix, Fig. S1C). Additionally, Ja-
nus kinase 1/2 (JAK1/2) inhibition using ruxolitinib prevented
IFN-p-induced [ISF]IFLT uptake (Fig. 17), while type I IFN
(IFN-y) promoted ["®*FJFLT accumulation in SUIT2 cells (SI
Appendix, Fig. S1D). To expand our findings, we performed
immunoblot analysis of a panel of PDAC cell lines treated with
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IFN-B and found that all models are capable of recognizing and
responding to type I IFN, as evidenced by MX1 induction, and
that TYMP is an ISG in the majority (20/21) of models (S
Appendix, Fig. S1 E and F). Furthermore, IFN-p-induced po-
tentiation of ['®F]FLT uptake in the presence of dT was ob-
served in HPAFII, CFPACI, and SW1990 PDAC cells (Fig. 1J).
To investigate the lack of TYMP protein in PATUS988T cells,
and given that TYMP is epigenetically suppressed in a subset of
cancers, we interrogated TYMP expression and promoter
methylation across cell lines annotated in the DepMap genomics
repository (30, 31). PATUS988T not only possess the lowest
TYMP expression among PDAC cell lines but also exhibited a
uniquely high degree of TYMP promoter methylation (SI Ap-
pendix, Fig. S1G). Consistently, treatment with the DNA meth-
yltransferase inhibitor decitabine in the presence of IFN-p
unlocked TYMP expression (SI Appendix, Fig. S1 H and I). As
PDAC tumors characteristically contain a significant stromal cell
compartment, we evaluated the effect of IFN-p on a human
PDAC cancer-associated fibroblast (CAF) model and observed
elevated TYMP protein levels (SI Appendix, Fig. S1J) (32). In
summary, we determined that IFN promotes ['*F]FLT PET
probe accumulation in PDAC cells in vitro through the tran-
scriptional up-regulation of TYMP and the depletion of dT, an
endogenous inhibitor of ['*F]JFLT uptake.

IFN Signaling Initiated by STING Triggers TYMP Expression In Vitro
and In Vive. To build on our observation that recombinant IFN
induces TYMP expression and ['*F]FLT uptake, we next asked if
tumor cell-autonomous IFN signaling initiated downstream of
PRR activation elicits comparable transcriptional and metabolic
alterations. In contrast to most PRRs, which are predominantly
expressed in immune cells, STING, the adaptor protein for the
cyclic GMP-AMP synthase (cGAS)-mediated cytosolic DNA
sensing pathway, is widely expressed in immune, stromal, endo-
thelial, and epithelial cells as well as in subsets of tumor cells
(33). While STING has been shown to have tumor suppressor—
like functions and is thus silenced in specific cancers, particularly
those associated with high mutational burden, STING is expressed
in the tumor cell compartment of PDAC tumors (8, 12). There-
fore, our subsequent studies focused on PDAC cell autonomous
IFN-signaling initiated downstream of STING activation. STING
is widely expressed across PDAC cell line models (SI Appendix,
Fig. S1K), and STING functionality in SUIT2 cells was confirmed
by demonstrating an up-regulation of the IFNBI transcript fol-
lowing transfection with a bisphosphorothioate 2’-3'-cGAMP an-
alog (SI Appendix, Fig. S1L). We also observed that SUIT2 cells
are cGAS deficient, as IFNBI transcript levels were unaltered
by following transfection with interferon stimulatory DNA (ISD;
SI Appendix, Fig. S1L).

To investigate the role of STING in regulating PDAC IFN
signaling and tumor growth in vivo, SUIT2 were engineered to
express a constitutively active STING mutant (SUIT2-TetR--
STINGR?*™) under the control of a doxycycline (DOX)-in-
ducible promoter (Fig. 24) (19, 34). This genetic system enabled
an investigation of the consequences of tumor cell-autonomous
STING activation on IFN signaling and metabolic alterations
in vitro and in vivo. STINGR®M jactivation using DOX in vitro
impaired PDAC cell proliferation in three-dimensional culture
and triggered TYMP expression, which was prevented by JAK1/2
inhibition (Fig. 2 B and C). In parallel, we evaluated the growth
and IFN signaling profile of SUIT2-TetR-STINGR***™ subcu-
taneous xenograft tumors in mice treated with or without DOX.
Activation of STING®?#*M restricted SUIT2 tumor growth (Fig.
2D), and immunoblot analysis of resected tumors revealed that
STINGR?*M activation resulted in enhanced TYMP expression
but had no consistent effect on TK1 protein levels (Fig. 2E).
Consistently, LC-MS/MS analysis of tumor metabolite levels in-
dicated that dT, but not dC, was decreased by STING activation
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(Fig. 2F). In xenograft tumors, ISG expression downstream of
STING activation relies on tumor cell-initiated autocrine/para-
crine IFN signaling, as type I IFNs are species restricted. Collec-
tively, these results indicate that STING activation in PDAC cells
triggers TYMP expression in vitro and in vivo.

STING-induced Metabolic Alterations Are Visualized by ['®F]FLT PET.
To determine if genetic STING activation alters PET %robe
accumulation in tumors, we inoculated SUIT2-TetR-STINGR?84M
cells into either the flank or pancreas of immunodeficient mice,
treated with or without DOX and evaluated ['®F]-labeled probe
biodistribution using sequential PET/computed tomography (CT)
imaging (Fig. 34). We investigated alterations in ['*F|FLT uptake
alongside 2’-deoxy-2-['®F]fluoro-p-glucose (['*F]FDG; an analog
§lucose) and 2’-deoxy-2"-[ "®F]fluoro-B-p-arabinofuranosylcytosine
FIFAC (ref. 15), an analog of deoxycytidine and a substrate for
dCK) to comprehensively determine the impact of STING activa-
tion on metabolite analog PET probe accumulation in tumors.

In the subcutaneous model, we performed a serial assessment
of intratumoral ["*F]FLT and ["*F]JFDG PET probe accumula-
tion on days 7 and 8, respectively, after DOX initiation (Fig. 34).
In this model, the ['®F]JFLT signal was significantly increased
following STING activation. This alteration was restricted to
['®F]FLT, as tumor ['"*F]JFDG accumulation in the same animal
following serial imaging was unaffected by STING®***™ induc-
tion (Fig. 34). Consistently, we did not observe alterations in the
expression of glucose uptake mediators following IFN treatment
in vitro (Fig. 14). Increased ["*F]FLT uptake was also observed
in orthotopic PDAC tumors after DOX administration (Fig. 3B).
In an independent cohort of subcutaneous tumor-bearing mice,
intratumoral ['"®F]JFAC accumulation was not responsive to ge-
netic STING activation (S Appendix, Fig. S24). DOX treatment
of tumor-bearing mice did not result in significant alterations in
plasma dT levels, indicating that STING®***™.mediated TYMP
induction in tumors is insufficient to modulate nucleoside levels
systemically (SI Appendix, Fig. S2B). Consistently, serial ['*F]
FLT and ['®F]FDG imaging of DOX-treated mice bearing bi-
lateral SUIT2-TetR-GFP, which conditionally express GFP, and
SUIT2-TetR-STINGR®™ tumors revealed that ['**FJFLT, and
not ["*FJFDG accumulation, is selectively enhanced in STINGR**M.
expressing tumors (SI Appendix, Fig. S2 C and D). This finding
indicated that STING-induced alterations in dT metabolism are
confined locally in tumors and that ['*®*F]FLT alterations are not an
artifact of DOX treatment alone. We investigated this effect in an
additional cohort of orthotopic tumor-bearing mice in which the
number of SUIT2-TetR-STING®***™ cells inoculated was de-
creased from 30,000 to 5,000 cells and in which imaging was
performed at an earlier timepoint (SI Appendix, Fig. S2E). We
confirmed that genetic STING activation increases tumor ['°F]
FLT uptake in this experimental settirll\% (SI Appendix, Fig. S2 F
and G). Furthermore, as STING®*™.active tumors exhibited
restricted growth, our results add to the growing body of evidence
demonstrating that ['"®F]FLT accumulation is not solely a marker
of tumor cell proliferation rate but is instead a function of both
TK1 expression/activity and environmental dT levels (21, 35).
Taken together, these findings confirm that genetic STING acti-
vation selectively and potently enhances the avidity of PDAC tu-
mors toward ['*F]FLT.

of
(y

STING Activation by Small Molecule Agonists Drives TYMP Expression
and Promotes ['*FIFLT Accumulation In Vitro and In Vivo. Pharma-
cological STING activation, enabled by the development of
systemically bioavailable STING agonists, which are currently
under clinical evaluation for the treatment of solid tumors, is a
promising immunotherapeutic approach to enhance antitumor
adaptive immune responses (NCT03843359) (7). However, the
impact of small molecule synthetic STING agonists on autocrine
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Fig. 2. STING activation up-regulates TYMP expression in vitro and in vivo. (A) Schematic of autocrine/paracrine IFN signaling regulation by the cGAS/STING
pathway. (B) Live-cell imaging analysis of SUIT2-TetR-STINGR?*M cells treated + 50 ng/mL DOX in anchorage-independent culture (mean + SD; n = 6; unpaired
t test). (C) Immunoblot analysis of SUIT2-TetR-STING2®*M cells treated + 50 ng/mL DOX + 1 pM ruxolitinib (JAKi) as indicated or 100 U/mL IFN-B for 24 h. (D)
Growth of SUIT2-TetR-STING®?8*M subcutaneous (s.c.) xenograft tumors in mice treated + DOX. Tumor volumes were monitored by CT (mean + SD; n = §;
unpaired t test). (E) Immunoblot analysis of individual tumors from the end point of the experiment in D. (F) LC-MS/MS analysis of dT and dC levels in
SUIT2-TetR-STINGR?#*M tumors from mice treated + DOX (mean + SD; n = 4, unpaired t test). **P < 0.01; ****P < 0.0001.

IFN signaling and ISG expression in PDAC cells has not been
investigated.

The synthetic STING agonist diABZI-compound 3 (STINGa)
triggered a dose-dependent increase of IJFNBI and TYMP tran-
scripts in SUIT2 cells (Fig. 44 and SI Appendix, Fig. S3A4) (7).
Then, 4 h after STINGa treatment, SUIT2 cells exhibited mul-
tiple markers of cGAS/STING pathway activation, including
IRF3-S386 phosphorylation, STING-S366 phosphorylation, and
a decrease in STING protein levels (ST Appendix, Fig. S3B) (36).
After this, 24 h of STINGa treatment was required to observe an
increase in TYMP protein levels (SI Appendix, Fig. S3B). Sig-
naling through JAK1/2 was dispensable for STINGa-induced
IRF3-S386 phosphorylation but essential for the induction of
TYMP (SI Appendix, Fig. S3C). Consistently, KO of IFNAR1 in
SUIT2 cells prevented STINGa-mediated TYMP and STAT1
induction but had no effect on IRF3-S386 phosphorylatlon
(Fig. 4B). Metabolically, STINGa treatment enhanced ["*F]FLT
uptake in SUIT2 cells in the presence of dT, and this alteration
was dependent on IFNART1 expression (Fig. 4C). STINGa treat-
ment up-regulated TYMP protein levels in a panel of STING-
proficient PDAC cell lines and significantly enhanced the up-
take of ['®F]FLT in CFPACI cells (ST Appendix, Fig. S3 D and E).
These findings indicate that STINGa treatment enhances TYMP
expression and activity downstream of autocrine/paracrine IFN
signaling in PDAC cells.

To determine whether STINGa activates IFN signaling re-
sponses and triggers ISG expression in PDAC xenograft tumors
in vivo, we employed two orthogonal approaches. First, we
employed SUIT?2 cells that were engineered to stably express a
firefly luciferase (fLUC)-linked IFN-stimulated response element
(ISRE) reporter, which enables the noninvasive tracking of IFN
signaling in vivo using bioluminescence (BLI) imaging (37). Mice
bearing subcutaneous SUIT2 ISRE-fLUC tumors were treated
with a single intravenous dose of STINGa, and the tumor BLI
signal was monitored longitudinally following treatment (Fig. 4D).
ISRE reporter activity was induced as early as 3 h after STINGa
administration and remained elevated up to 48 h after treatment.
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Ad(ditionally, we collected subcutaneous SUIT2 tumors after STINGa
treatment and performed an immunoblot analysis of STING and
IFN signaling. STINGa treatment effectively activated the cGAS/
STING pathway in tumors and elicited autocrine/paracrine IFN
signaling 4 h after treatment as evidenced by elevations in STING-
S366, IRF3-S386, and STAT1-Y701 phosphorylation. In contrast,
induction of the ISGs TYMP, MX1, and STAT1 was only apparent
24 h after treatment (Fig. 4E). This analysis indicates a
marked temporal discordance between cGAS/STING activity,
IFN production, and ISG expression in tumor cells elicited by
systemic STINGa treatment. Together, our in vitro and in vivo
observations indicate that small molecule synthetic STING agonists
trigger autocrine/paracrine IFN signaling and ISG expression in
PDAC cells.

Given that genetic STING activation in xenograft tumors in-
creased [18F]FLT accumulation, we next determined if systemic
STINGa treatment elicits similar effects. Mice bearing subcuta-
neous SUIT2 tumors were treated with two intravenous doses of
STINGa and evaluated using ['*F]FLT PET/CT analysis 72 h
after the second treatment g ig. 54). STING agonist treatment
significantly increased the ['"*F]JFLT avidity of SUIT2 subcuta-
neous tumors (Fig. 54). Immunoblot analysis of tumors resected
immediately after PET/CT analysis confirmed that STINGa
treatment promoted the expression of TYMP and MX1 while
not impacting the levels of TK1 (SI Appendix, Fig. S44). To
evaluate the generalizability of this observation, we performed
['SF]FLT PET/CT analysis of mice bearing subcutaneous CFPAC1
xenograft tumors following STINGa treatment (SI Appendix, Fig.
S4B). In CFPACI1 tumors, we observed a trend of STINGa-
induced elevation in intratumoral ["*F]JFLT accumulation and
enhanced expresswn of TYMP despite this model exhibiting high
basal expression of ISGs such as MX1 (S Appendix, Fig. S4 C and
D). Systemic STING agonist treatment also enhanced the ['*F]
FLT avidity of orthotopic SUIT2 tumors (F1% 5B). Collectively,
these results demonstrate that intratumoral [°F]FLT PET probe
accumulation is responsive to STING agonist treatment and
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Fig. 3. STING signaling enhances PDAC tumor ['®FIFLT avidity. (A) ['®FIFLT
and ['®F]FDG PET/CT imaging of mice bearing subcutaneous (s.c.) SUIT2--
TetR-STINGR?8*M tumors following treatment + DOX. Highlighted region
indicates tumor (n = 4 to 5, two-tailed Mann-Whitney U test). (B) ['®FIFLT
PET/CT imaging of mice bearing orthotopic SUIT2-TetR-STING®?#*M tumors
following treatment + DOX (30,000 cells injected; n = 5, two-tailed Mann-
Whitney U test). **P < 0.01.

indicate that ['F]JFLT PET imaging could serve as an in vivo
pharmacodynamic biomarker for IFN-inducing therapies.

Discussion

In this study, we have shown that ["*F]FLT PET visualizes
TYMP-mediated alterations in the metabolism of dT down-
stream of IFN signaling and STING activation. Thus, this tracer
may have utility as a pharmacodynamic biomarker for PRR

6 of 10 | PNAS
https://doi.org/10.1073/pnas.2105390118

agonists to track the duration and localization of IFN signaling
responses which are not readily revealed through the evaluation
of drug pharmacokinetics or serum cytokine levels.

The development of PET probes suitable for the visualization
of proliferation has been a longstanding goal. Given that S-phase
restricted TK1 is essential for the intracellular trapping of dT,
radionuclide-labeled dT analogs, including [''C]dT and ['*F]
FLT, emerged as candidate tracers to monitor the proliferative
capacity of tumor cells and response to treatment (18, 38—40).
Clinically, ["®F]FLT uptake has been shown to positively correlate
with Ki67 status in glioma (41), and additional studies indicate
that chemotherapy-induced down-regulation of tumor ['*F]JFLT
signals may associate with tumor cell proliferation inhibition and
therapy response (42-44). However, decades of preclinical and
clinical research have grovided substantial evidence that addi-
tional factors govern ['SF]FLT uptake. The relative activities of
tumor cell de novo and salvage pathways for dTTP synthesis can
influence probe accumulation as evidenced by studies demon-
strating that the tumor [ISF]FLT signal increases acutely following
de novo inhibition by thymidylate synthase (TYMS) inhibitors
pemetrexed and TAS-120, which likely reflects a metabolic shift
toward salvage (45, 46). A similar phenomenon was revealed by
[''C]dT PET in gastrointestinal cancer patients following TYMS
inhibitor treatment (47). Beyond dTTP biosynthetic preference,
native dT levels, which in turn are regulated by TYMP, SAMHD1
and TKI1 critically influence probe trapping (21). Finally, probe
metabolism, which varies across species, and dephosphorylation of
["®F]FLT nucleotides, which can occur during extended uptake
periods, require consideration when defining uptake duration in
preclinical and clinical studies (18, 48).

Nevertheless, we agree with previous conclusions that the
variables associated with ['®F]FLT accumulation are potentially
less relevant in the context of longitudinal studies in which base-
line and posttreatment scans following intervention are obtained
in individual patients (35). ['"*F]FLT, along with other nucleoside-
based PET probes, provides unique insight into the metabolic
status of tissues in vivo, and a more complete understanding of the
factors influencing their uptake can inform additional clinical
contexts in which they can be effectively utilized, potentially as
pharmacodynamic biomarkers for emerging therapies.

Emerging evidence has indicated that ['*F]FLT biodistribution
in humans is responsive to immunotherapy. Elevated ["*F]JFLT
accumulation was observed in the spleen following anti-CTLA4
immunotherapy in melanoma patients (49), and ["F]JFLT PET
has been applied to track antigen specific immune responses and
stimulation of lymphocyte proliferation triggered by dendritic cell
vaccination (50). The molecular mechanisms underlying these al-
terations are not fully understood, and the contribution of IFN
signaling has not been explored. Together, these reports indicate
that cellular metabolism is responsive to immunotherapeutic inter-
vention and provide the rationale for further mechanistic investiga-
tions of the intersections between cytokine signaling, immune
activation, and metabolic reprogramming.

The metabolic effects of IFNs are increasingly well appreciated,
but their implications in tumor growth, metastasis, or therapy re-
sponse is unclear (19, 51, 52). We have previously shown that IFNs
trigger depletion of NAD/NADH pools in PDAC cells via the
up-regulation of noncanonical PARPs and increase their reliance
on NAM recycling through NAMPT (19). Beyond NAD*/NADH
metabolism, IFN-induced metabolic alterations may elicit addi-
tional actionable vulnerabilities that can be exploited using ratio-
nally designed combination therapies. In particular, capecitabine,
an orally bioavailable prodrug of 5-fluorouracil (5-FU), may ex-
hibit synergy with IFNs signaling, as TYMP expression is positively
correlated with capecitabine efficacy in breast cancer patient-
derived xenograft (PDX) models (53). The mechanism underly-
ing TYMP-mediated capecitabine sensitization is likely multifac-
torial and may be a function of both of the following: 1) increased
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analysis of s.c. SUIT2 tumors isolated from NCG mice at the indicated time points following treatment with 1.5 mg/kg STINGa i.v. (n = 4/group). *P < 0.05;

**P < 0.01; ***P < 0.001; ****P < 0.0001.

activation of the prodrug, as TYMP is required for its conversion
to the active antimetabolite 5-FU; and 2) depletion of the nucle-
oside salvage pathway substrate dT by TYMP and the synergis-
tic depletion of dTTP pools alongside 5-FU-mediated TYMS
inhibition (54).

A limitation of this study is the reliance on xenograft tumors in
immunodeficient mice, which was necessitated as a consequence
of the significant cross-species differences between the nucleo-
tide metabolism of mice and humans. Plasma nucleoside levels
are orders of magnitude higher in rodents than in humans, and
increasing evidence indicates that this is mechanistically linked
to differences in the activity of nucleoside catabolizing enzymes
including CDA and adenosine deaminase 2 (22). In particular,
we and others have previously reported that dT levels are
~100 times lower in humans (10 nM) than in mice and rats
(1,000 nM) (22, 55, 56). This metabolic species distinction can
potentially explain the findings reported in early studies evalu-
ating ['"®F]FLT, in which tracer bone marrow uptake was noted
in dogs and humans (18), in contrast to the low signals observed
in mice (15). Furthermore, TYMP is an interferon-regulated
gene in human but not in mouse cells (57); thus, modeling the
contribution of nontumor cells to STING-driven IFN signaling
and ['8F]JFLT uptake in mice is a significant challenge. Impor-
tantly, TYMP has been shown to be induced in peripheral blood
mononuclear cells by recombinant IFN therapy in humans (58).
While clinical trials are needed to define the utility of our
findings, chimeric mouse models engrafted with human fetal
liver tissue, fetal thymus tissue, and CD34* human pluripotent
stem cells that possess a “humanized” immune system may pro-
vide a platform to evaluate the contribution of immune cells to
["®F]FLT PET responses following PRR activation in preclinical
settings (59).

In conclusion, we have demonstrated that ['*F]FLT PET can
visualize metabolic alterations triggered by both genetic and
pharmacological STING activation—induced IFN signaling in
xenograft tumors. We anticipate that ["*FJFLT PET will have
utility as a pharmacodynamic readout to guide the translation of
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STING agonists and potentially other interferon-stimulating
therapies.

Methods

Contact for Reagent and Resource Sharing. Reagent or resource requests should
be submitted to the lead contact, Caius G. Radu (cradu@mednet.ucla.edu).

Experimental Model and Subject Details.

Cell culture. Cell cultures were maintained as previously described (29). All
experiments were performed using cell cultures between passages 3 and 20
maintained in antibiotic-free Dulbecco’s modified Eagle’s medium (DMEM)
+10% fetal bovine serum (FBS) at 37 °C and 5% CO,. Cell cultures were
routinely monitored for mycoplasma contamination using the PCR-based
Venor Mycoplasma kit. PDAC cell lines were acquired either from a com-
mercial vendor (American Type Culture Collection or German Collection of
Microorganisms and Cell Cultures) or from collaborators. Cell line identity
was independently authenticated by PCR (Laragen). Immortalized human
pancreatic cancer associated fibroblast cells were provided by Rosa F. Hwang
(Department of Surgical Oncology, The University of Texas MD Anderson
Cancer Center, Houston, TX).

Drugs. Drug stocks were prepared in dimethylsulfoxide (DMSO) or H,0 and
diluted fresh in cell culture media for treatments. The nonhydrolyzable
bisphosphorothioate 2’-3'-cGAMP analog and ISD were complexed with
Lipofectamine 3000 before treatment.

Animal studies. All animal studies were approved by the University of Cal-
ifornia, Los Angeles (UCLA) Animal Research Committee. For subcutaneous
tumor studies, 6- to 8-wk-old male/female NOD-Prkdcem26¢d52||2rgem26¢d22,
NjuCrl co-isogenic immunodeficient (NCG CRL572; Charles River Laborato-
ries) mice were injected subcutaneously on the flank with 1.0 x 10° cells
suspended in phosphate-buffered saline (PBS). Subcutaneous tumor volumes
were evaluated by either caliper or CT measurement using a G8 PET/CT
scanner (PerkinElmer). For orthotopic tumor studies, SUIT2-TetR-STINGR284M
cells were engineered to stably express fLUC using lentiviral transduction,
and either 5,000 or 30,000 cells were suspended 1:1 in PBS:matrigel (15 pL:15
pL) and injected into the pancreata of NCG mice. A total of 7 d after inoc-
ulation, tumor radiance was measured by bioluminesence imaging, and this
signal was used to randomize mice to treatment cohorts. For doxycycline
(DOX) treatment, mice were supplied with a control or DOX-hyclate sup-
plemented diet intended to deliver a daily dose of 2 to 3 mg of DOX. For
STING agonist treatment, mice were administered 100 pL 1.5 mg/kg diABZI
compound 3 or vehicle (DMSO + 40% polyethylene glycol 400 in 0.9% saline)
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Fig. 5. Systemic STING agonist treatment increases ['®F]FLT accumulation in
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Mann-Whitney U test). (B) ['®FIFLT PET/CT imaging of male NCG mice
bearing orthotopic SUIT2-TetR-STING*?®*™ tumors following treatment +
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*P < 0.05.

by intravenous tail vein injection. All tumor measurements and calculations
were performed by trained technicians blinded to experimental conditions.

Bioluminescence Imaging (BLI). A total of 5 min after intraperitoneal injection
of p-luciferin (50 pL at 50 mg/mL in 0.9% saline), mice were anesthetized
under 2% isoflurane for 5 additional minutes and imaged using an IVIS
Bioluminescence Imaging scanner (PerkinElmer). All images were acquired
using a 30-s exposure time and low binning. A region of interest was drawn
over whole tumors, and the radiance (p/s) value was recorded. Analysis was
performed using Living Image software (PerkinElmer).

PET Imaging. PET/CT imaging studies were conducted as previously described
(60). PET and CT images were acquired in sequence using a G8 PET/CT
scanner (PerkinElmer) 1.5 h after the administration of 60 uCi ["®FIFLT, 1 h
after the administration of 20 uCi ['®FIFDG, or 1 h after the administration of
35 uCi ["®FIFAC by intravenous tail vein injection of prewarmed mice. For
['®F]FDG analysis, mice were fasted for 4 h before probe administration, and
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mice were maintained under anesthesia for the duration of the probe in-
jection, uptake, and imaging periods. PET analysis was performed with ei-
ther PMOD software (version 3.612, PMOD Technologies Ltd.) or Osirix
(Pixmeo). A volume of interest was drawn on whole tumors, and the maxi-
mum standard uptake value (SUV,.x) was recorded. SUV,,.x was used to
quantify tumor ['8FIFLT, ['®FIFDG, or ['®FIFAC uptake.

Radiochemical Synthesis of ['®F]-labeled Probes. ['®FIFLT and ['®F]FAC were
synthesized using the Elixys Synthesizer (Sofie Biosciences) following pub-
lished protocols (15, 61). ['®FIFDG was obtained from the Biomedical
Cyclotron Facility at UCLA.

['®F]-labeled Metabolite Uptake Assay. Radioactive probe uptake assays were
conducted as previously described (62). Briefly, cells seeded in 6-well plates
were pretreated with IFN-p for 24 h or diABZI for 72 h, respectively, and
pulsed with 5 pCi/2 mL of ['®F]-labeled probe and dT in DMEM + 10% dialyzed
FBS for 2 h. Following incubation, cells were washed three times with 1 mL PBS
and lysed using radioimmunoprecipitation assay (RIPA) buffer. Cell lysate ra-
dioactivity was measured on a Wizard2 gamma counter (PerkinElmer).

Plasma Collection. Blood was collected in lithium heparin-coated tubes using
the retro-orbital technique and stored on ice until plasma isolation. Blood
samples were centrifuged at 2,000 x g for 15 min at 4 °C, and plasma
supernatants were collected for LC-MS/MS analysis.

Tumor Homogenization. Fragments from resected tumors were weighed (30 to
80 mg), transferred to Omni Hard Tissue homogenization vials, and snap
frozen. Either 7.5 ul/mg tissue of lysis buffer (50 mM ammonium bicar-
bonate, pH 7.2; 0.5% sodium deoxycholate; 12 mM sodium laurel sarcosine
supplemented with protease and phosphatase inhibitor mixtures) for im-
munoblot analysis or 10 uL/mg tissue of metabolite extraction buffer (80%
MeOH in water + 0.5 uM '3C,">N-labeled dC and dT) for LC-MS/MS analysis.
Samples were homogenized using an Omni Bead Ruptor Elite (eight cycles of
15 s on, 30 s off, speed 8) chilled to 4 °C. Tissue homogenates were cleared by
centrifugation at 12,000 x g for 10 min at 4 °C. Cleared lysates were nor-
malized using the bicinchoninic acid (BCA) assay and prepared for immu-
noblot analysis or analyzed by LC-MS/MS.

Immunoblot Analysis. Imnmunoblot analysis was performed as previously de-
scribed (29). PBS-washed cell pellets obtained following trypsinization of
cells and centrifugation at 450 x g for 5 min were resuspended in RIPA
buffer supplemented with protease and phosphatase inhibitors and incu-
bated at 4 °C for 15 min. Protein concentrations were determined by BCA
assay, samples were normalized by RIPA and 4x laemmli loading dye dilu-
tion, resolved on 4 to 12% Bis-Tris gels and electrotransferred to a nitro-
cellulose membrane. After blocking with 5% nonfat milk in tris-buffered
saline + 0.1% tween-20 (TBS-T), membranes were incubated overnight in
primary antibodies diluted 1:1,000 in 5% BSA in TBS-T. Membranes were
subsequently washed with TBS-T and incubated with horseradish peroxidase
(HRP)-linked secondary antibodies prepared at a 1:2,500 dilution in 5%
nonfat dry milk in TBS-T. HRP was activated by incubating membranes with a
mixture of SuperSignal Pico and SuperSignal Femto enhanced chem-
iluminescence reagents (100:1 ratio). HRP signals were detected by exposure
of autoradiography film or imaging using a LI-COR Odyssey system. Anti-
bodies are reported in Key Resource Table (S/ Appendix).

RT-PCR. Total RNA was isolated from cell cultures using the NucleoSpin RNA
kit. Reverse transcription was performed using the High Capacity cDNA
Reverse Transcription kit. qPCR was performed using EvaGreen gPCR Master
Mix on the QuantStudio3 system. RNA expression values were normalized to
housekeeping gene (ACTB) expression, calculated using the *“Ct method and
displayed as relative expression to control. Primer sequences are reported in
Key Resource Table.

Live-Cell Imaging. For live-cell imaging, cells were plated at 2 x 10% cells per
100 pL per well in ultra-low attachment (anchorange independent)
U-bottom 96-well plates. After 72 h, treatments were added to a final volume
of 200 pL and cell proliferation was tracked using the IncuCyte Zoom live-cell
imaging system. Images were acquired at 3 h intervals over the indicated time
period. Sphere area analysis was applied to quantify proliferation.

Gene Knockdown Using shRNA. For generation of stable knockdown cell lines,

PDAC cells were transduced with lentivirus harvested from FT293 cells in the
presence of polybrene. For virus production, lentivirval vectors and psPAX2/pMD2G
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packaging plasmids at a 2:1:1 ratio were transfected into FT293 cells using
polyethylenimine. Lentivirus-containing supernatants were passed through a
0.45-um filter prior to use. Following transduction, cells underwent antibiotic
selection, and knockdown efficiency was confirmed using immunoblot analysis.

Gene KO Using CRISPR/Cas9. All guide RNA (gRNA)-encoding oligonucleotides
were cloned into the LentiCrispr version 2 vector. Lipofectamine 3000 was
used to transfect PDAC cells with gRNA-specific LentiCrispr version 2 vectors.
Following puromycin selection, cells were singly cloned, and gene knockout
was confirmed by genomic DNA PCR and tracking of insertions and deletions
by decomposition (TIDE) analysis of Sanger sequencing results. Gene
knockout was additionally validated using immunoblot analysis.

Generation of DOX-Inducible STING®***M Models. The generation of SUIT2-
TetR-STINGR?®*M cells was previously described (19). A STINGR?®*M_encod-
ing gene fragment was ligated into the pENTR-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 pack-
aging plasmids (psPAX2 and pMD2G) at a 2:1:1 ratio were transfected
into FT293 cells using polyethylenimine. Transduced cells were selected in
puromycin for 1 wk. In this model, STINGR?®*M expression is regulated by the
doxycycline-responsive TetR protein expressed from the pLenti3/EF/GW/
IVS-Kozak-TetR-P2A-Bsd vector.

Stable Isotope-labeled Metabolite Tracing, Metabolite Extraction, and DNA
Isolation/Hydrolysis. For analysis of stable isotope-labeled metabolite incor-
poration to media nucleosides or newly replicated DNA, cells were cultured
in glucose-free DMEM media supplemented with 10% dialyzed FBS, 4 mM
glutamine, and 1 g/L [**Cglglucose + 1 uM [*°N,]dT and treated as indicated.
At experimental end points, media was collected and centrifuged at 450 x g
for 5 min at 4 °C, and the supernatant was stored at —80 °C before analysis.
Genomic DNA was extracted as previously described using the Zymo Quick-
genomic DNA MiniPrep kit and hydrolyzed to nucleosides using the DNA
Degradase Plus kit, following manufacturer-supplied instructions (29). A
total of 50 pL water was used to elute DNA into a 1.5-mL microcentrifuge
tube. A nuclease solution (5 pL; 10x buffer/DNA Degradase Plus/water, 2.5/1/
1.5, vol/voliv) was added to 20 uL eluted genomic DNA in an high perfor-
mance liquid chromatography injector vial. Samples were incubated over-
night at 37 °C before analysis. For media and plasma metabolite extraction,
20 pL of the sample was mixed with 80 pL 100% MeOH containing stable
isotope-labeled nucleoside internal standards (0.5 uM '3C, ">N-labeled dC,
and dT). MeOH-extracted samples were incubated at —80 °C for 24 h
before analysis.

Mass Spectrometry. Analysis of hydrolyzed DNA, media, serum, and tumor
nucleoside levels was performed as previously described (27). An aliquot of
MeOH-extracted samples or hydrolyzed DNA (5 uL) was injected onto a
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porous graphitic carbon column (Thermo Fisher Scientific Hypercarb, 100 x
2.1 mm, 5-pm particle size) equilibrated in solvent A (water 0.1% formic acid,
vol/vol) and eluted (200 pL/min) with an increasing concentration of solvent
B (acetonitrile 0.1% formic acid, vol/vol) using min/%B/flow rates (uL/min) as
follows: 0/0/200, 5/0/200, 10/15/200, 20/15/200, 21/40/200, 25/50/200, 26/100/
700, 30/100/700, 31/0/700, 34/0/700, and 35/0/200. The effluent from the
column was directed to the Agilent Jet Stream ion source connected to a
triple quadrupole mass spectrometer (Agilent 6460) operating in the MRM
mode using previously optimized settings. The peak areas for each nucleo-
side (precursor — fragment ion transitions) at predetermined retention
times were recorded using the software supplied by the instrument manu-
facturer (Agilent MassHunter). Peak areas were normalized to nucleoside
internal standard signals. An external standard curve was applied to deter-
mine plasma and media nucleoside concentrations.

RNA-seq. SUIT2 cells were seeded overnight in 6-well plates and treated + 100
U/mL IFN-B for 24 h. Following treatment, messenger RNA (mRNA) was
extracted as described for RT-PCR analysis and processed for next-generation
sequencing. The analysis workflow consisted of mRNA capture, comple-
mentary DNA generation, end repair to generate blunt ends, A-tailing,
adaptor ligation, and PCR amplification. Libraries were sequenced on lIllu-
mina HiSeq 3000 on a single-read 50-bp run. An FDR of <0.01% was applied
to filter significantly altered transcripts.

Statistical Analyses. Statistical analysis was performed as previously described
(29). Data are presented as mean + SD with the number of biological rep-
licates indicated. Comparisons of two groups were calculated using the in-
dicated unpaired two-tailed Student’s t test, and P values less than 0.05 were
considered significant. Comparisons of more than two groups were calcu-
lated using one-way ANOVA followed by Bonferroni’s multiple comparison
tests, and P values less than 0.05/m, where m is the total number of possible
comparisons, were considered significant. The two-tailed Mann-Whitney U
test was applied for two-group comparisons of tumor SUV values obtained
by PET imaging.

Data Availability. RNA-seq data have been deposited in the National Center
for Biotechnology Information Gene Expression Omnibus (GEO: GSE178901).
The RNA-seq dataset described in Fig. 1A is included as Dataset S1. All other
study data are included in the article and/or supporting information.
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