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SUMMARY

Natural killer (NK) cells are cytotoxic innate lymphocytes that eradicate tumor cells. Inducing durable anti-
tumor immune responses by NK cells represents a major priority of cancer immunotherapy. While cytosolic
DNA sensing plays an essential role in initiating antitumor immunity, the role of NK cell-intrinsic STING
signaling remains unclear. Here, we find that NK cell-intrinsic STING promotes antitumor responses and
maintains a reservoir of TCF-1" NK cells. In contrast, tumor cell-intrinsic cGAS and mtDNA are required for
NK cell antitumor activity, indicating that tumor mtDNA recognition by cGAS partially triggers NK cell-intrinsic
STING activation. Moreover, addition of cGAMP enables STING activation and type |l interferon production in
NK cells, thereby supporting the activation of NK cells in vitro. In humans, STING agonism promotes the
expansion of TCF-1* NK cells. This study provides insight into understanding how STING signaling drives

NK cell antitumor immunity and the development of NK cell-based cancer immunotherapy.

INTRODUCTION

Innate immune sensing has been identified as a key initiator
for innate and adaptive antitumor immune responses in both nat-
ural and therapeutic biological contexts, such as radiotherapy,
PARP inhibition, and immunotherapy.'~” Among the multiple nu-
cleic acid-sensing pathways, the cyclic GMP-AMP synthase
(cGAS)-STING cascade can play a central role in breaking tumor
immune tolerance by accelerating the cancer-immunity cy-
cle.>®° Considering the therapeutic potential of STING agonism,
STING function has been characterized in tumor cells and
various immune cell subsets.>®° Upon intrinsic or extrinsic stress,
the cGAS-STING pathway is activated by cytoplasmic enrich-
ment with genomic or mitochondrial DNA (gDNA or mtDNA) to
promote immunogenicity of tumor cells and activity of dendritic
cells."*'>"? However, in CD8" T cells, the cGAS-STING
cascade acts as an intrinsic modulator for the formation and
maintenance of stem cell-like properties,’® suggesting that
STING signaling may be essential for the activity of cytotoxic
lymphocytes, including CD8* T cells and natural killer (NK) cells.
It is therefore conceivable that a comprehensive understanding
of STING function in cytotoxic lymphocytes could guide the
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development of therapeutic strategies for CD8" T cell-resistant
tumors.

NK cells are cytotoxic lymphocytes that have the ability to kill
tumor cells and secrete inflammatory cytokines.'* Due to this
role in tumor inhibition, NK cells therefore provide key functions
in tumor immune surveillance, particularly in preventing tumor
metastasis.'® Sufficient stimulation of tumor-infiltrating NK cell
function remains a central challenge in the development of can-
cer immunotherapy.’®'® NK cells can be primed via several
different modes, including the engagement of the stimulatory
receptors, combined exposure to IL-12, IL-15, and IL-18
cytokines, and stimulation of RNA sensing.'®2° Interestingly,
memory-like NK cells have been defined as T and B cell
counterparts that have differentiated to acquire immunological
memory.>' 2% NK cells with a memory-like phenotype exhibit
characteristically high expression of the transcription factor
TCF-1.2*2° Stimulation of immature NK cells with a cytokine
cocktail containing IL-12, IL-18, and IL-15 leads to differentiation
into memory-like NK cells,?®?” which can provide an
enhanced antitumor response in chimeric antigen receptor
(CAR)-NK therapies.?® In humans, NK cells are divided into
two major subsets: CD56“™CD16* cytotoxic NK cells and
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CD56MCD16~ cytokine-secreting NK cells.>® Pre-activation of
the CD56™ NK cells in PBMCs with IL-15 augments their anti-
tumor responses.®° Therefore, understanding the molecular
mechanism that sustains persistent NK cell responses will pro-
vide strong rationales for the design of NK cell-based cancer
immunotherapy.

Extrinsic STING pathway activation of NK cells has been pre-
viously described in tumor models.>”*' Tumor-derived cGAMP
triggers host STING activation and subsequent type | IFN pro-
duction, which enhances antitumor activity by NK cells.”’
Consistent with these effects, treatment with STING agonists
can induce NK cell activation to attack CD8" T cell-resistant tu-
mors.” However, the specific contributions of cell-intrinsic
STING signaling in NK cell activity have not been determined.
As a secondary messenger, cGAMP can be transported be-
tween different cell types, including tumor cells and immune
cells, thereby forming a new modality for intercellular interac-
tions.® Furthermore, it is likely that the recipient cells of cGAMP
transfer are not restricted to the aforementioned cell types. Cur-
rent strategies for NK cell activation rely on the use of ligands and
cytokines,” but it is also unknown whether exogenous cGAMP
can serve as a stimulator for NK cell activation in a cell-intrinsic
fashion. Type | interferon (IFN) signaling has been demonstrated
to enhance the activation of NK cells in malignancies with STING
agonist administration as well as in acute infections.”**** More-
over, the direct action on NK cells by type | IFNs is observed in
the tumor therapeutics and infection settings.”** Thus, it is likely
that the amount and origin of type | IFN production dictates the
pattern of cell circuits for NK cell antitumor activity.

In this study, we show that intrinsic STING signaling facilitates
NK cell antitumor immunity and the expansion of TCF-1* NK
cells. Moreover, mtDNA sensing by cGAS in tumor cells pro-
motes STING-dependent NK cell activity; also, exogenous
cGAMP treatment facilitates NK cell activation in vitro through
autocrine STING-mediated type | IFN signaling. In addition, pro-
longed incubation with cGAMP expands the formation of human
TCF-1*CD56" NK cells. Therefore, our findings provide a mech-
anistic foundation for understanding NK cell antitumor activity,
and suggest alternative strategies for enhancing NK cell-based
cancer therapies.

RESULTS

NK cell-specific STING potentiates their antitumor
activity

NK cells play an essential role in detecting and killing tumor
cells, and the STING pathway particularly contributes to its
antitumor activity in a cell-extrinsic manner.>'"*" To better un-
derstand the patterns of STING expression in human NK cells,
we conducted intracellular staining for STING in the
CD37CD56"* NK cells in peripheral blood samples of patients
with cancer and healthy volunteers using a flow cytometry
gating strategy (Figures S1A and S1B). STING expression
was diminished in the NK cell population in patients with cancer
compared with its expression in healthy volunteers (Figure 1A).
We then characterized its expression profile in tumor-infiltrating
NK cells from primary tumors and metastatic nodules of pa-
tients with gynecological cancer using the same method. We
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found that STING expression was decreased in metastatic tu-
mors compared with that in matched primary tumors (Fig-
ure 1B). Furthermore, a lower STING expression was observed
in NK cells from primary tumors versus PBMCs in the same pa-
tients (Figure S1C). These findings indicate that STING expres-
sion is attenuated in tumor-infiltrating NK cells of patients with
cancer, which suggests the possibility that cell-intrinsic STING
expression may be correlated with the ability of NK cells to
control tumor.

To assess whether STING functions as a determining factor in
NK cell-mediated antitumor activity, we crossed STING”" mice
with Ncr1'°™® mice to obtain Ncr1'®®*STING” mice, in which
STING was conditionally depleted in NK cells. The deletion of
STING in NK cells from spleens of Ncr1°STING" mice was
verified by western blot (Figure S1D). Consistent with a previous
study, we confirmed that NK cells rather than CD8* T cells
played a central role in inhibiting B16F10 tumor metastasis (Fig-
ure S1E). To examine whether STING deficiency negatively
affected the antitumor response of NK cells, we intravenously in-
jected B16F10 cells into Ncr1'°STING” mice, with STING”'
mice serving as controls. We observed that the number of mela-
noma nodules was increased in the lung tissue of
Ncr1'CeSTING” mice compared with that in STING"' littermates
(Figure 1C), suggesting that NK cell-intrinsic STING contributes
to the limitation of tumor metastasis.

Although STING acts importantly in myeloid cells within tu-
mors, we further demonstrated that STING action in NK cells
contributes to robust antitumor responses as well. To test
whether this effect could also be observed in a subcutaneous tu-
mor model, we knocked out B2M in both B16F10 and MC38 tu-
mor cell lines, which abolished surface expression of MHC class
I molecules and heightened sensitivity for NK cell recognition
(Figure S1F). Consistent with our initial results, targeted
knockout of STING in NK cells resulted in accelerated tumor
growth in both B16F10-B2M~~ and MC38-B2M~~ models
(Figures 1D and 1E). To rule out the possibility that Cre may
raise unexpected effects perhaps due to off-target DNA nicking
in our setting, we injected B16F10 (intravenously) and MC38-
B2M~~ (subcutaneously) into Ncr1“°®STING”" mice, respec-
tively, with Ncr1°® mice serving as controls. Consistent
with our initial results, the accelerated tumor growth was
observed in Ner1°STING” mice compared with Ncr1r
mice (Figures S1G and S1H). Taken together, these results
indicate that NK cell-intrinsic STING is essential for tumor
immunosurveillance.

NK cell-intrinsic STING promotes antitumor immune
responses

We next sought to examine whether STING contributes to the
responsiveness of tumor-infiltrating NK cells. We found that
STING deficiency resulted in lower antitumor activity of NK cells
characterized by IFN-y and CD107a production in metastatic
B16F10 tumors (Figures 2A and 2B). In agreement with the above
observations in metastatic tumors, the expression of IFN-y
and CD107a was impaired in STING-deficient NK cells
compared with wild-type (WT) NK cells from subcutaneous
MC38-B2M~'~ tumors (Figures 2C and 2D). Collectively, these
data suggest that inherent STING signaling is required for NK
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Figure 1. Intrinsic STING in NK cells mediates their antitumor responses
(A) Representative histogram (left) and mean fluorescent intensity (MFI) summary (right) showing STING expression in NK cells from peripheral blood of healthy

volunteers (n = 5) and patients (n = 7, Table S2, patients 1-7).

(B) Representative histogram (left) and MFI summary (right) showing STING expression in NK cells from patients with primary tumor and metastatic tumor
(carcinosarcoma [n = 1], ovarian cancer [n = 8], Table S2, patients 8-16). Each dot represents one donor in (A and B).

(C) Representative appearance of lung metastatic tumors (left) and the number of metastatic tumor nodules (right). STING”" and Ncr1'°STING” mice (n = 4-5)
were intravenously injected with 2 x 10° B16F10 cells. Mice were sacrificed on day 14 after tumor injection.

(D and E) Tumor growth in STING”" and Ncr1'°STING" mice; 5 x 10° B16F10-B2M~/~ (D) and MC38-B2M ~/~ (E) tumor cells were subcutaneously injected into
STING” and Ncr1'°STING"f mice (n = 3-6), respectively. Representative data are shown from two or three independent experiments. Data are represented as
mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001 by unpaired Student’s t test in (A and C), paired Student’s t test in (B), two-way ANOVAin (D and E).

See also Figure S1 and Table S2.

cell responsiveness that leads to IFN-yy and CD107a production
after stimulation.

To rule out the possibility that lack of STING may induce devel-
opmental defects in the NK cell differentiation program, we also
analyzed the proportion and activation of NK cells in the
lungs and spleens of naive Ncr1°STING"" and STING” mice.
The results showed that the percentages of total NK cells and
CD69* NK cells were equivalent between Ncr1©®STING” and
STING”  mice (Figures S2A and S2B). In addition, the activating
receptor NKp46 expression was unaffected in Ncr1CSTING™
mice compared with STING” mice (Figure S2C). These results
indicate that the development and NKp46 expression of NK cells
are comparable between Ner1°STING” and STING” mice.

Tumor cell mtDNA recognition by cGAS facilitates NK
cell antitumor activity

Previous studies have demonstrated that cGAS functions as a
central cytoplasmic DNA sensor to prime the STING signal
cascade as part of the antitumor immune response.’ To
examine whether cGAS is also required for antitumor activity
of NK cells, we crossed cGAS”" mice with Ncr1'°™ mice to
obtain Ncr1€cGAS”' mice in which cGAS was conditionally
knocked out in NK cells. However, conditional depletion of
cGAS in NK cells did not affect the number of metastatic tu-
mor nodules, indicating that cGAS in NK cells does not
contribute to the antitumor response (Figure 3A). We then
used mice harboring whole-body knockout of cGAS to
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Figure 2. STING promotes NK cell functionality in tumors
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(Aand B) B16F10 cells (2-3 x 10°%) were intravenously injected into STING”  and Ncr1'°STING” mice, respectively (n = 4-5). Lungs were harvested and stained
for flow cytometry on day 14 after tumor injection after ex vivo stimulation with cell stimulation cocktail (containing PMA, ionomycin, brefeldin A, and monensin).
Representative flow plots and quantification of IFN-y* (A) and CD107a* (B) cells in NK cells from the lungs of STING”" and Ncr1°*STING"* tumor-bearing mice.
(C and D) MC38-B2M '~ cells (5 x 10°) were subcutaneously injected into STING”" and Ncr1'°®STING"" mice, respectively (n = 3-5). Tumors were harvested on
day 14 after injection and stained for flow cytometry after ex vivo stimulation with cell stimulation cocktail. Representative flow plots and quantification of IFN-y*
(C) and CD107a* (D) cells in NK cells from the subcutaneous tumors. Representative data are shown from two or three independent experiments. Data are
represented as mean + SEM. *p < 0.05, **p < 0.01 by unpaired Student’s t test in (A-D). See also Figure S2.

investigate whether cGAS is involved in host antitumor activ-
ity. Similarly, loss of cGAS in the host had no obvious effect
on metastatic tumor nodule formation (Figure 3B). These re-
sults suggest that host cGAS does not participate in NK cell
antitumor activity.

It has been demonstrated that intratumoral macrophages, NK,
and T cells are able to sense extracellular cGAMP in murine tu-
mors.®> Considering the phenotypic differences between host
NK cells harboring STING or cGAS knockout, we then focused
our attention on cGAS in tumor cells to further explore whether
tumor-derived cGAS contributes to antitumor response. To this
end, we first established stable cGAS™~ and STING ™'~ tumor
cell lines using CRISPR-Cas9 technology. We then intravenously
injected those tumor cells into WT mice and monitored the met-
astatic tumor burden and survival of tumor-bearing mice. The
loss of cGAS in B16 tumor cells resulted in a marked increase
in metastatic tumor nodules (Figure 3C). Likewise, cGAS defi-
ciency in tumor cells led to lower survival rates in both B16F10
and MC38 tumor-bearing mice (Figures S3A and S3B), which
was consistent with the previous findings.‘"ﬂ In contrast, STING
ablation in tumor cells prolonged the survival of mice in both tu-
mor models (Figures S3A and S3B), suggesting that tumor cell-
intrinsic STING exerts a totally different role in tumor metastasis
compared with tumor cell-intrinsic cGAS. Collectively, these re-
sults indicate that tumor cell-intrinsic cGAS and NK cell-intrinsic
STING cooperatively sustain NK cell antitumor activity via
cGAMP transfer.
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We further investigated whether tumor cell-intrinsic cGAS acts
as a trigger of NK cell antitumor immune response. Knockout of
cGAS in tumor cells decreased IFN-y production in tumor-infil-
trating NK cells (Figure 3D). In agreement with these results,
lack of cGAS in tumor cells reduced CD107a expression in tu-
mor-infiltrating NK cells (Figure 3E). These results indicated that
tumor cell-intrinsic cGAS is required for the antitumor activity of
NK cells. To confirm our finding that tumor cell-intrinsic cGAS is
responsible for activation of STING in NK cells, we further as-
sessed the molecular pathway in tumor-infiltrating NK cells by as-
sessing the phosphorylation of TBK1, a downstream target of the
STING pathway. Our results demonstrated that cGAS deficiency
in tumor cells actually dampened TBK1 phosphorylation in NK
cells (Figure S3C). In addition, these different lines of evidence
suggest that tumor cell-derived cGAMP is responsible for the acti-
vation of STING in NK cells via intercellular communication.

Since cGAS is activated by the enrichment of cytosolic DNA
that originates from multiple sources, including genomic, mito-
chondrial, and exogenous origins,® we next sought to determine
the source of cytosolic DNA. For this purpose, we isolated
CD45~ tdTomato* MC38 tumor cells from lung tissues at
3 days after intravenous injection of tdTomato-labeled MC38 tu-
mor cells into WT mice. The purified cytosolic extracts were
analyzed by real-time gPCR assays of Tert and Dloop1, genomic
and mitochondrial DNA (mtDNA) markers, respectively. We
observed that the cytosolic levels of these mtDNA fragments
were increased in metastatic tumor cells compared with those
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Figure 3. Tumor cell-derived mtDNA recognition by cGAS promotes NK cell antitumor activity

(A) cGAS"" and Ncr1'°cGAS™ mice (n = 4-5) were intravenously injected with 3 x 10° B16F10 cells. Quantification of metastatic tumor nodules after 14 days.
(B) WT and cGAS ™/~ mice (n = 5) were intravenously injected with 2 x 10° B16F10 cells. Quantification of metastatic tumor nodules after 14 days.

(C-E) B16F10-vector and B16F10-cGAS ™~ cells (2 x 10°% were intravenously injected into WT mice (n = 5). Quantification of metastatic tumor nodules and flow
cytometry analysis on day 14 after injection. Representative appearance of lung metastatic tumors (left) and the number of metastatic tumor nodules (right) (C).
Representative flow plots (left) and quantification (right) of IFN-y* (D) and CD107a* (E) cells in NK cells after ex vivo stimulation with cell stimulation cocktail.
(F) Quantitative PCR analysis of gDNA and mtDNA in MC38-tdTomato cells sorted from the lung on day 3 after intravenous tumor injection (n = 5 technical

replicates from 4 mice).

(G) B16F10 (B16) or 50 uM ddC-treated B16F10 (B16 + ddC) cells were intravenously injected into WT mice (n = 4). Representative appearance of lung metastatic
tumors (left) and the number of metastatic tumor nodules (right). Representative data are shown from two or three independent experiments. Data are repre-
sented as mean + SEM. **p < 0.001, ***p < 0.0001 by unpaired Student’s t test. ns, no significant difference. See also Figure S3 and Table S1.

in cultured tumor cells in vitro, while no difference was detected
between groups in cytosolic gDNA markers (Figure 3F). To
further verify the role of mtDNA in tumor metastasis, we depleted
mtDNA of B16F10 with dideoxycytidine (ddC) according to a
well-established protocol.” The ddC treatment selectively in-
hibited mtDNA replication without affecting gDNA replication in
tumor cells (Figure S3D). The number of metastatic tumor nod-
ules was increased in mtDNA-depleted tumor cells compared
with that in untreated tumor cells (Figure 3G). Taken together,
these results suggest that mtDNA release into the cytosol and
subsequent recognition by cGAS in tumor cells sustain the anti-
tumor activity of NK cells.

STING maintains a reservoir of TCF-1* NK cells in tumors
TCF-1* NK cell population has been linked with persistent NK
cell responses.?**® Among the functional markers of differentia-

tion, TCF-1 expression is particularly informative because it
is high in immature (CD27*CD11b~) NK cells with elevated
proliferative potential, reduced in intermediate (CD27*CD11b™)
NK cells, and essentially absent in terminally mature (CD27~
CD11b*) NK cells that are poorly proliferative.?® TCF-1 expres-
sion and transcription in the whole-tumor-infiltrating NK cells
were diminished in the absence of STING (Figures 4A and
S4A), thus indicating that STING signaling associates with the
proliferative potential of tumor-infiltrating NK cells. Likewise,
we observed a decreased TCF-1 expression in the immature
(CD27*CD11b™) NK cell subset of Ncr1CSTING” mice
compared with STING” controls (Figure 4B). Together, these re-
sults indicate that STING serves as an intrinsic factor responsible
for maintaining a reservoir of TCF-1" NK cells in the tumor
microenvironment, thereby promoting persistent antitumor
responses.
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Figure 4. Cell-intrinsic STING facilitates the maintenance of TCF-1* NK cells in tumors

(A-C) MC38-B2M~/~ cells (5 x 10°% were injected subcutaneously into STING”  and Ner1'°"STING"" mice, respectively (n = 4-5 mice). Tumors were harvested
and stained for flow cytometry on day 14 after injection. Representative flow plots (left) and quantification (right) of TCF-1* cells in total NK cells (A) and
CD27*CD11b™~ NK cell subset (B) from the subcutaneous tumors. Representative flow plots (left) and quantification (right) of surface CD27/CD11b staining (C) by
percentage on intra-tumoral NK cells.

(D) Schematic of WT NK and STING '~ NK cell co-transfer. B16F10 tumor cells (8 x 10° were injected into tail vein of WT mice (n = 4-5). One hour later, WT NK
and STING /" NK cells which were labeled with CTV and pre-activated with IL-12/15/18 for 16 h were mixed at a ratio of 1:1 and then co-transferred into tumor-
bearing mice. Lungs were analyzed with flow cytometry after 4 days.

(E) Representative flow plots (left) and quantification (right) of the percentage of CD27*CD11b ™~ (immature) subset in the transferred WT and STING ™/~ NK cells
from the lung of recipients (n = 5) with metastatic B16F10 tumors.

(F) Representative flow plots (left) and quantification (right) of the percentage of TCF-1* cells in CD27*CD11b ™~ subset and the total populations in the transferred
WT and STING ™~ NK cells from the lung of recipients (n = 4) with metastatic B16F10 tumors.

(G) Representative flow plots (left) and quantification (right) of the percentage of Ki-67* cells in CD27*CD11b ™ subset and the total populations in the transferred
WT and STING ™~ NK cells from the lung of recipients (n = 4) with metastatic B16F10 tumors. Representative data are shown from two or three independent
experiments. Data are represented as mean + SEM. *p < 0.05 by unpaired Student’s t test in (A-C), and paired Student’s t test in (E-G). See also Figure S4.
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The differentiation and maturation of NK cells involve the
acquisition of an effector cell program characterized by transient
upregulation of CD27 followed by upregulation of CD11b.%%*" To
assess whether STING contributes to expansion of tumor-infil-
trating immature NK cells, we injected tumor cells into STING"*
and Ncr1°STING”" mice and quantified the proportions of
different NK cell subsets by flow cytometry. The results showed
that loss of STING led to a decrease in immature NK cells
(CD27*CD11b™) possessing self-renewal capacity (Figure 4C),
indicating that STING may promote the expansion of proliferative
NK cells in the tumor microenvironment. To investigate whether
the STING pathway empowers the expansion of the immature
NK cell subset, we simultaneously examined TCF-1 and STING
expression in the indicated NK cell subsets from spleen of WT
naive mice. We found that both TCF-1 and STING were highly
expressed in the immature NK cell subset (Figure S4B). Howev-
er, the subsets and TCF-1 expression of NK cells in lungs and
spleens were unaffected by the deficiency of STING in NK cells
(Figures S4C and S4D). Based on the above findings, the im-
pacts of STING on the expansion of TCF-1* NK cells are
restricted to tumors, possibly due to the presence of cGAMP
in the tumor microenvironment. These results indicate that
immature NK cells in tumors are more responsive to STING stim-
ulation compared with mature NK cells, leading to the expansion
of immature TCF-1* NK cells.

TCF-1* memory-like NK cells exhibit persistent responses to
lymphomas and human immunodeficiency virus 1 infection.?*®
The expansion of memory-like NK cells can be induced by stim-
ulation with a cytokine cocktail that includes IL-12, IL-15, and
IL-18.7° To determine whether STING signaling is also required
for the expansion of the TCF-1* NK cell population in a therapeu-
tic context, we co-transferred NK cells from WT and STING ™~
mice at a ratio of 1:1 after pre-activation with IL-12, IL-15, and
IL-18 into metastatic tumor-bearing mice (see experimental
schematic in Figures 4D and S4E). To rule out the possibility
that STING directly impacts on NK cell responses to the cytokine
cocktail stimulation, we analyzed NK cell phenotypes by flow cy-
tometry with staining of CD27, CD11b, and CD69 in vitro. The de-
gree of differentiation and activation was comparable between
WT-NK cells and STING™~ NK cells upon cytokine stimulation
before transfer (Figures S4F and S4G). Loss of STING did not
appear to affect the accumulation of adoptively transferred NK
cells in the lung of tumor-bearing recipients at 4 days after co-
transfer (Figure S4H), indicating that STING does not contribute
to the short-term expansion of NK cells in tumors.

To clarify whether STING potentiates the expansion of an
immature subset in adoptively transferred NK cells, we used
the CD27 and CD11b surface markers and the TCF-1 transcrip-
tion factor to examine NK cell maturation and differentiation. We
found that the frequency of immature (CD27*CD11b~) NK cells
was decreased among the adoptively transferred tumor-infil-
trating STING ™~ NK cells compared with counterpart WT NK
cells (Figure 4E). TCF-1 expression has been shown to promote
NK cell development, while its downregulation leads to terminal
maturation.”® We found that the proportion of TCF-1* NK cells
was decreased in the tumor-infiltrating immature NK cell subset
(indicated as CD27*CD11b ™) and total NK cells in the absence of
STING (Figures 4F and S4l). Similarly, Ki-67 staining showed that
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proliferative potential was impaired in the tumor-infiltrating
immature NK cell subset with the deficiency of STING
(Figures 4G and S4J). In contrast, the progenitor phenotypes
and proliferative potential were unaffected by STING deficiency
in adoptively transferred NK cells in spleens (Figures S4AK-S4M).
In addition, a lower expression of Ki-67 and TCF-1 was observed
in adoptively transferred STING™~ NK cells compared with
counterpart WT-NK cells in tumors 7 days later after co-transfer
(Figure S4N), suggesting that the impaired expansion of NK cells
induced by STING deficiency occurs in a longer time. Further-
more, we found cGAS loss in tumor cells led to reduced TCF-
1* proportion in the immature NK cell subset and total NK cells
from tumors (Figure S40), confirming that the impacts of
STING on expansion of the TCF-1* NK subset were restricted
to tumors because of the presence of tumor-derived cGAMP.
Collectively, these results indicate that cell-intrinsic STING
signaling promotes the expansion of TCF-1* NK cells through
increased proliferation rather than differentiation or TCF-1
expression, thereby leading to prolonged antitumor responses.

STING agonism enhances NK cell activation via
autocrine type | IFN signaling in vitro

We next examined whether the incubation of cGAMP could
impact on STING signaling, and found that STING expression
and transcription were increased by stimulation with cGAMP
(Figures S5A and S5B). We next investigated whether cGAMP in-
cubation could prime the activation of STING signaling in NK
cells from PBMCs of patients with cancer, and noted that treat-
ment with high concentrations (5 uM) of cGAMP could induce the
phosphorylation of STING in NK cells of patients with cancer
(Figure 5A), indicating the activation of STING signaling in NK
cells. Consistently, the activation of the STING pathway was
observed in NK-92MI cell line with the stimulation of cGAMP
(Figure 5B). To investigate whether the entry of exogenous
cGAMP directly activates NK cells through involving STING,
we treated WT and STING ™~ NK cells with different concentra-
tions of 2'3'-cGAMP in vitro and quantified NK cell activation by
CDB69 staining. The results showed that CD69 expression was
increased following incubation with high concentrations (5 pM)
of cGAMP, whereas the observed upregulation of CD69 in NK
cells was abolished under STING knockout (Figures 5C and
S5C). These results suggest that NK cells could uptake cGAMP,
which in turn primes STING signaling, thus leading to NK cell
activation.

To better understand the molecular machinery underlying the
effects of intrinsic STING signaling in NK cells, we purified NK
cells from the spleens of WT naive mice by flow cytometric cell
sorting and quantified IFN-B production by NK cells incubated
with cGAMP (Figure S5D). Indeed, exposure to exogenous
cGAMP could induce the production of Ifnb1 and IFN-stimulated
gene (Cxcl10, Irf7, and Isg15) transcription in NK cells
(Figures 5D and S5E). Moreover, the elevated activation of
NK cells after incubation with cGAMP was reversed by the
blockade of IFNAR1 (Figure 5E). Specifically, IFNAR1 loss in
NK cells dampened NK cell activation upon cGAMP exposure
(Figures 5F and S5F). These results suggest that cGAMP treat-
ment promotes NK cell activation via autocrine type | IFN
signaling in vitro.
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STING agonism facilitates the expansion of TCF-1* NK
cells in humans

Previous studies have demonstrated that TCF-1 is associated
with the memory-like status of NK cells in humans.”**® We
found that the expression level of TCF-1 was decreased in
CD37CD56"* NK cells in the peripheral blood samples of pa-
tients with cancer compared with that of healthy volunteers
(Figure 6A), which suggested that the maintenance of mem-
ory-like status was disrupted in NK cells of patients with can-
cer. We therefore investigated whether STING was associated
with the maintenance of TCF-1* NK cells by quantification of
STING expression in different NK cell subsets. We found that
STING expression was higher in TCF-1" NK cells than that in
the TCF-1~ NK cells from PBMCs of patients with cancer and
healthy volunteers (Figures 6B and S6A), thus revealing a pos-
itive correlation between STING expression and the proportion
of TCF-1* NK cells. Furthermore, to delineate TCF-1 and
STING expression level in human NK cells at different stages
of maturation we examined expression of both molecules in
CD569™ and CD56™ NK cells from PBMCs of patients with
cancer and healthy volunteers. Consistent with our observation
in mouse NK cells, immature CD56" NK cells exhibited a higher
expression level of TCF-1 and STING in human settings
(Figures S6B and S6C). These lines of evidence imply that
STING signaling associates with the expansion of TCF-1* NK
cells in humans.
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*p < 0.05, *p < 0.01, ***p < 0.0001 by paired
Student’s t test in (A), one-way ANOVA in (C, E,
and F), and unpaired Student’s t test in (D). See
also Figure S5; Tables S1 and S2.

Cytokine-induced memory-like NK cells exhibit more potent
antitumor activity with the stimulation of IL-12, IL-15, and IL-
18.22 NK cell function also correlates with CD56 expression;
following IL-15 priming, immature CD56" NK cells exhibited
elevated expansion, cytokine production, and antitumor re-
sponses.®’ Given that boosting the STING pathway could poten-
tiate the expansion of TCF-1" NK cells in mouse tumor models,
we next examined whether prolonged incubation with cGAMP
could potentiate the maintenance of immature human CD56"
NK cells. To this end, human NK cells were purified and pre-acti-
vated with IL-15 for 16 h and the cells were then incubated with
low concentrations (1 pM) of cGAMP plus IL-15 for 7 days (see
experimental scheme in Figures 6C and S6D). We found that pro-
longed exposure to the combination of cGAMP and IL-15 could
increase the proportion of immature CD56"CD16~ NK cells,
while decreasing the proportion of CD16* NK cells when
compared with IL-15 alone (Figure S6E). Notably, CD56 expres-
sion on CD16*CD56“™ NK cells was increased by the stimula-
tion of cGAMP and IL-15 (Figure S6E). Consistently, such obser-
vations were also reported in other study.*® Meanwhile, we
assessed TCF-1 expression in total CD56" NK cells and found
that the percentages of TCF-1* NK cells were increased by the
combination treatment of cGAMP and IL-15 compared with IL-
15 treatment alone (Figure 6D). Also, Ki-67 expression was
higher in the TCF-1* NK subset than that in the TCF-1~ NK subset
upon cGAMP treatment (Figure S6F), suggesting a stronger
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Figure 6. STING agonism promotes the maintenance and function of human immature NK cells

(A) Representative flow plots (left) and quantitative data (right) showing TCF-1 expression in NK cells from peripheral blood of healthy control and patients with
cancer (n = 5, Table S2, patients 24-28).

(B) Representative flow plots (left) and quantitative data (right) showing STING expression in TCF-1* and TCF-1~ NK cells from peripheral blood of patients with
cancer (n = 5, Table S2, patients 24-28).

(C) Effect of cGAMP on the expansion and function of human NK cells. Experimental schematic for the generation of memory-like NK cells derived from peripheral
blood of healthy volunteers (n = 6).

(D) Representative flow plots (left) and quantitative data (right) of TCF-1* NK cells after stimulated with IL-15 with or without cGAMP (1 uM) maintenance for 7 days.
(E and F) Representative flow plots (left) and quantitative data (right) of IFN-y* NK cells (E) and CD107a* NK cells (F) in TCF-1* NK and TCF-1" NK subsets in
response to re-stimulation with K562 cells after treatment with IL-15 with or without cGAMP (1 uM) maintenance for 7 days. Data are represented as mean + SEM.
*p < 0.05, **p < 0.01, **p < 0.001 by unpaired Student’s t test in (A), and paired Student’s t test in (B and D-F). ns, no significant difference. See also Figure S6 and

Table S2.

proliferation potential in the TCF-1* NK subset. Moreover, the
expressions of IFN-y and CD107a were increased in the
TCF-1* NK cell subset in response to restimulation with K562
leukemia cells 7 days following cGAMP treatment compared
with control treatment (Figures 6E and 6F), indicating that
STING agonism increases the responsiveness of the TCF-1*
NK cell subset that leads to IFN-y and CD107a production.
Collectively, these results suggest that STING agonism facili-

tates the expansion and function of immature TCF1* NK cells,
and that cGAMP treatment may be used to broaden the applica-
tion of NK cell-based therapeutics.

DISCUSSION

The role of innate immune sensing in regulating cytotoxic lym-

phocytes is the focus of considerable research attention seeking
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to exploit their therapeutic potential for improved antitumor im-
mune response. Our study demonstrates that the cGAS-STING
cascade serves as a form of direct communication between tu-
mor cells and NK cells via intercellular transfer of cGAMP from
the former to the latter. STING functions as an intrinsic regulator
of potent effector functions and maintenance of TCF-1* NK cells
intumors. It is conceivable that aberrant STING expression in NK
cells may participate in tumor immune evasion, while STING ag-
onism reinvigorates NK cell antitumor activity. Our findings thus
expand the scope of our understanding of STING functions in the
antitumor activity of NK cells and point to viable therapeutic stra-
tegies for the expansion of TCF-1* NK cells.

Considering the potential value of STING for clinical transla-
tion, the mechanisms and effects of intrinsic STING signaling
have been intensively studied in different cell types ranging
from tumor cells and antigen-presenting cells to cytotoxic im-
mune cells. First, the cGAS-STING pathway contributes to tumor
immunogenicity by bridging DNA damage response signals to
host antitumor immunity in the context of PARP inhibitor
treatment and radiotherapy.’*'°"'? Second, the cGAS-STING
pathway initiates the process of cross-priming by dendritic cells
in responses to tumor radiotherapy and immunotherapy.*®
Third, the cGAS-STING pathway maintains the differentiation
of stem cell-like CD8" T cells to activate a durable antitumor im-
mune response.’® Our findings provide further perspective on
STING function in antitumor immunity. In particular, we found
that STING promotes effector functions and preservation of
TCF-1*" NK cells for successful tumor surveillance. However,
whether other immune cell dependency in this process needs
further investigations. Based on these findings, it is reasonable
to speculate that abnormally low STING expression in NK cells
can serve as a major contributing factor that leads to tumor im-
mune evasion, and further work is needed to determine which
factors in the tumor microenvironment can lead to the downre-
gulation of STING in NK cells. Given the potential for STING ag-
onism as a therapeutic strategy for cancer,® the direct impacts of
STING agonists on NK cells also warrants careful evaluation in
clinical trials.

In response to cellular stress, cGAS is critical for recognition of
cytosolic DNA and subsequent activation of an innate immune
response.’?7 25940 However, initiation of the cGAS-STING
cascade often involves intercellular transfer of cGAMP between
two different cell types, presumably mediated by gap junction,
volume-regulated anion channels and other transporters
including SLC19A1 and SLC46A2.°>*'~** Moreover, P2X7R
engagement contributes to cGAMP entry into tumor-associated
macrophages after blockade of the phagocytic receptor
MerTK.*® We found that cGAS in tumor cells, rather than in
host cells, promotes the antitumor activity of NK cells, which is
consistent with the results from another report.31 Moreover,
our results indicate that the intercellular transfer of cGAMP
from tumor cells to NK cells is responsible for NK cell response
toward tumor cells. Indeed, incubation with cGAMP enhances
NK cell activation in both mice and humans, validating the pos-
sibility that cGAMP originates by intercellular transfer. In addi-
tion, we observed that cytoplasmic mtDNA is enriched in meta-
static MC38 tumor cells and that depletion of mtDNA augments
tumor metastasis, indicating that recognition of mtDNA initiates
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the production of cGAMP in tumor cells. However, we do not
validate how general this phenomenon is. It is possible that
genomic DNA may play a key role in other tumors, including nat-
ural primary tumors. BAK/BAX macropores then facilitate
mtDNA leakage in apoptotic cells, while voltage-dependent
anion channel oligomers promote mtDNA release in live cells
by forming mitochondrial pores.®%*°*"*8 |n addition, further
studies are needed to address how mtDNA is released in meta-
static tumor cells.

A previous study has shown that STING activation could
initiate the downstream activation of the transcription factors
IFN regulatory factor 3 and nuclear factor kB and further lead
to production of various cytokines and chemokines, especially
type | IFNs.® Our results showed exogenous cGAMP treatment
could promote NK cell activation via autocrine type | IFN signal
in vitro, suggesting the direct action of type | IFN on NK cells,
which is consistent with the observation that type | IFNs could
directly act on NK cell antitumor activity after cyclic dinucleotide
treatment in vivo.” Considering that in vitro stimulations may not
recapitulate in vivo conditions, we acknowledge that the neces-
sary amount of type | IFN in vivo may come from other cells be-
sides NK cells. Therefore, future experiments will examine the
molecular mechanisms underlying STING-mediated mainte-
nance of TCF-1* NK cell response in the tumor contexture.

The modification of NK cells with CAR has been considered a
viable alternative to T cells in cancer therapy.'”'® However, es-
tablishing a means of inducing a persistent response in infused
CAR-NK cells remains a major obstacle for clinical application.
We found that STING signaling promotes effector functions
and expansion of immature TCF-1* NK cells in tumors. Many
other studies have reported that TCF-1* NK cells show the
same transcriptional and epigenetic characters with the stem-
like exhausted CD8" T cells,”**9*° and IL-12/15/18-preactivate
or cytokine-induced memory-like NK cells show potential for
cancer immunotherapy in the clinic.®">® TCF-1 is required for
the maintenance for memory-like NK cells, which exhibit
enhanced functional responses.”® Thus, the STING agonist
may function as a stimulator for preservation of memory-like
state in adoptive NK cell therapy.

Human NK cells are widely divided into cytotoxic CD56%™
CD16* NK cells and cytokine secreting CD56"CD16~ NK cells.*®
Also, the NK1 transcriptomic profile corresponds to human
CD56%™ and mouse CD27-CD11b* NK cells and the NK2 tran-
scriptomic profile corresponds to human CD56™ and mouse
CD27*CD11b~ NK cells.®* We found that STING and TCF-1
expression were much higher in immature CD27*CD11b~ NK
subsets of mice and in CD56™ NK cells of humans. These results
suggest that immature TCF-1* NK cells are more responsive to
STING stimulation compared with mature NK cells. Given that
the developmental defect of NK cells in Ncr1¢1d2” mice, the
increased TCF-1 expression in ID2-deficient NK cells arrests
their maturation and inhibits their functions.®® In contrast,
TCF-1 expression positively associates with NK cell functions
in our settings due to the normal development of NK cells in
Ncr1°®STING” mice. To reconcile the inconsistence, we as-
sume that TCF-1 may play a dichotomous role in NK cells.
Constitutive ectopic expression of TCF-1 in NK cells with devel-
opmental defects inhibits NK cell functions, whereas inducible
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expression of TCF-1 in NK cells with normal development pro-
motes NK cell antitumor activity. In addition, intrinsic STING
signaling may affect TCF-1 expression through promoting the
expansion of immature TCF-1" NK cells rather than directly
regulating its transcriptome in NK cells. However, considering
that TCF-1 could bind to a substantial set of genes in
CD27*CD11b~ NK cells,”>” TCF-1 expression in tumor-infil-
trating NK cells might correlate with some other cellular proper-
ties that result in better antitumor responses. Thus, it is likely that
the opposite impact of TCF-1 on NK cell functions may be
observed in the different settings. In PBMCs, CD56™ NK cells
as a potent cytokine producers exhibit better antitumor re-
sponses than CD569™ NK cells following IL-15 priming.*° In
line with these results, extended incubation with cGAMP
induced the expansion of human CD56™ NK cells and higher
levels of IFN-y and CD107a in vitro. Thus, regulation of CD56™
NK cells can improve their antitumor functions and be a potent
cancer immunotherapy. However, further in vivo studies with
xenograft models or in patients are needed to validate the initial
observation described here.

Overall, our data provide a plausible explanation for the mech-
anisms by which NK cells conduct tumor surveillance, and un-
cover new insights into STING functions in antitumor immunity.
We also propose that augmentation of STING pathway activa-
tionin NK cells can substantially broaden their application in can-
cer therapies.

Limitations of the study

Our study does have certain limitations, such as the molecular
mechanism of cGAMP transfer into NK cells in tumor niches.
How inherent STING signaling promotes the expansion of TCF-
1* NK in tumors needs to be further determined. In addition,
we demonstrated upregulation of CD69 in NK cells after cGAMP
stimulation in vitro is dependent on autocrine type | IFN signal;
however, it is not clear whether NK cells are the critical source
of type | IFN induced by cGAMP in vivo conditions. Although
we found that STING agonist facilitates the expansion of TCF-
1* NK cells in vitro, whether human CAR-NK cells pretreated
with STING agonist have a better antitumor response in vivo
needs further investigation.
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Antibodies

Anti-mouse-CD45-BUV395
Anti-mouse-CD45.2-BV785
Anti-mouse-CD45.1-FITC
Anti-mouse-CD3-APC/Cy7
Anti-mouse-CD11b-PE/Cy7
Anti-mouse-CD27-FITC
Anti-mouse-CD107a-APC
Anti-mouse-MHC class | (H-2kb)-FITC
Anti-mouse-NK1.1-PercP/Cy5.5
Anti-mouse-CD8a-BV650
Anti-mouse-CD69-PE/Cy7
Anti-mouse-CD335(NKp46)-BV510
Anti-mouse-IFN-y-PE
Anti-mouse-IFN-y-BV711
Anti-mouse-Ki-67-BV605
Anti-mouse-TCF-1-PE
Anti-mouse-IFNAR1-PE
Anti-mouse FcR (CD16/CD32)
Anti-human FcR
Anti-human-CD45-BUV395
Anti-human-CD45-PerCP/Cy5.5
Anti-human-CD3-BUV805
Anti-human-CD14-PerCP/Cy5.5
Anti-human-CD56-BV650
Anti-human-CD16-APC/Cy7
Anti-human-CD8-BV421
Anti-human-CD4-BV510
Anti-human-STING-AF647
Anti-human-TCF-1-PE
Anti-human-IFN-y-BV650
Anti-human-CD107a-PE/cy7
InVivoMADb anti-mouse CD8a.
InVivoPlus anti-mouse NK1.1
InVivoPlus anti-mouse IFNAR1
B-Actin (13E5) Rabbit mAb
Rabbit Polyclonal anti-Tubulin
STING (D2P2F) Rabbit mAb
TBK1/NAK Antibody

Phospho-TBK1/NAK(Ser172) (D52C2)
Rabbit mAb

Phospho-STING(Ser366) (E9AIK) Rabbit

mAb

BD Biosciences
BioLegend

eBioscience

BD Biosciences
BioLegend

eBioscience

BioLegend

eBioscience

eBioscience

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BD Biosciences
BioLegend

BioXCell

Miltenyi Biotech

BD Biosciences
BioLegend

BD Biosciences
BioLegend

BD Biosciences
BioLegend

BioLegend

BioLegend

BD Biosciences

Cell Signaling Technology
BD Biosciences
BioLegend

BioXCell

BioXCell

BioXCell

Cell Signaling Technology
Proteintech

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology

Cat#564279; RRID:AB_2651134
Cat#109839; RRID:AB_2562604
Cat#11-0453-82; RRID:AB_469629
Cat#557596; RRID:AB_396759
Cat#101216; RRID:AB_312799
Cat#14-0271-82; RRID:AB_467183
Cat#123137; RRID:AB_2234505
Cat#11-5958-82; RRID:AB_11149502
Cat#45-5941-82; RRID:AB_914361
Cat#100742; RRID:AB_2563056
Cat#104512; RRID:AB_493564
Cat#137623; RRID:AB_2563290
Cat#505808; RRID:AB_315402
Cat#505836; RRID:AB_2650928
Cat#652413; RRID:AB_2562664
Cat#564217; RRID:AB_2687845
Cat#127312; RRID:AB_2248800
Cat#BE0307; RRID:AB_2736987
Cat#130-059-901; RRID:AB_2892112
Cat#563792; RRID:AB_2869519
Cat#368504; RRID:AB_2566352
Cat#612895; RRID:AB_2870183
Cat#367109; RRID:AB_2566711
Cat#748098; RRID:AB_2872559
Cat#302018; RRID:AB_314218
Cat#344748; RRID:AB_2629584
Cat#357419; RRID:AB_2715939
Cat#564836; RRID:AB_2738974
Cat#14456; RRID:AB_2798483
Cat#563416; RRID:AB_2738193
Cat#328617; RRID:AB_11147761
Cat#BE0061; RRID:AB_1125541
Cat#BP0036; RRID:AB_1107737
Cat#BP0241; RRID:AB_2687723
Cat#4970; RRID:AB_2223172
Cat#10094-1-AP; RRID:AB_2210695
Cat#13647; RRID:AB_2732796
Cat#3013; RRID:AB_2199749
Cat#5483; RRID:AB_10693472

Cat#50907; RRID:AB_2827656
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

DH5a competent cells Tiangen Biotech Cat#CB101
Fast-T1 competent cells Vazyme Cat#C505

Chemicals, peptides, and recombinant proteins

Fixable Viability Stain 780
Fixable Viability Stain 700
2'3'-cGAMP

Collagenase Type |
Collagenase Type VIII
DNase |

DNA transfection reagent

GMPO Polybrene

TRIzol Reagent

Fixation/Perm Diluent
Fixation/Permeabilization Concentrate
Permeabilization buffer 10X

Phosflow Fix Buffer |

Phosflow Perm/Wash Buffer |

BD Biosciences

BD Biosciences
Invivogen

Worthington Biochemical
Sigma

Sigma

Neofect Biotech
Genomeditech
Invitrogen
eBioscience
eBioscience
eBioscience

BD Biosciences
BD Biosciences

Cat#565388; RRID:AB_2869673
Cat#564997; RRID:AB_2869637
Catittlrl-nacga23; CAS: 1441190-66-4
Cat#L.S004186

Cat#C2139; CAS: 9001-12-1

Cat#DN25;
CAS: 9003-98-9

Cat#TF201201
Cat#GM-040901B
Cat#15596018
Cat#00-5223-56
Cat#00-5123-43
Cat#00-8333-56
Cat#557870
Cat#557885

Cell stimulation cocktail plus protein eBioscience Cat#00-4975-93
transport inhibitor (500 x)

Protein transport inhibitor eBioscience Cat#00-4980-93
Trypan Blue Gibco Cat#15250061
Puromycin Dihydrochloride Beyotime Biotechnology Cat#ST551
Recombinant Human IL-15 PeproTech Cat#200-15
Recombinant Human IL-12 PeproTech Cat#200-12
Recombinant Murine IL-15 PeproTech Cat#210-15
Recombinant Murine IL-18 MBL Cat#B002-5
Critical commercial assays

EasySep™ Mouse NK Cell Isolation Kit STEMCELL Cat#19855
E.Z.N.A.® Endo Free Plasmid Midi Kit Omega Bio-tek Cat#D6904
BCA Protein Assay Kit Beyotime Biotechnology Cat#P0011

DNA ligation kit-Ligation High TOYOBO Cat#LGK-100

2 x Taq Master Mix, Dye Plus Vazyme Cat#P212
ReverTra Ace gPCR RT Master Mix TOYOBO Cat#FSQ-301
SYBR Green Real-time PCR Master Mix TOYOBO Cat#QPK-201

Experimental models: Cell lines

MC38
B16F10

MC38-Vector
MC38-B2M~/~
MC38-STING /=
MC38-cGAS ™/~
B16F10-Vector
B16F10-B2M 7~
B16F10-STING '~
B16F10-cGAS ™~
MC38-tdTomato

Lab of Ralph R. Weichselbaum

Cell bank of the Chinese academy of
sciences

This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper

N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

NK-92MI Lab of Dr. Hua Zhu N/A

K562 Lab of Dr. Ying Wang N/A

HEK293T Cell bank of the Chinese academy of N/A
sciences

Experimental models: Organisms/strains

C57BL/6 mice Shanghai Slaccas N/A

STING ™~ mice Lab of Glen N. Barber N/A

cGAS™~ mice Jackson Laboratory N/A

Necr1/°® (€57BL/6-Ncr1tm1(iCre)/Bcgen) Beijing Biocytogen Co., Ltd N/A

transgenic mice

STING¥MX mice Lab of Dr. John C Cambier N/A

cGAS™¥1X mice Lab of Dr. Zhenyu Ju N/A

IFNAR1¥/ox mice Lab of Dr. Ulrich Kalinke N/A

CD45.1 congenic mice Lab of Dr. Chuanxin Huang N/A

Oligonucleotides

All oligo sequences used in this paper are Table S1

listed in Table S1.

Recombinant DNA

lentiCRISPR v2 Lab of Xin-Yuan Liu N/A

PsPAX2 Lab of Xin-Yuan Liu N/A

pMD2.G Lab of Xin-Yuan Liu N/A

Software and algorithms

Prism graphpad GraphPad Prism software Version 8.0

FlowJo Tree Star software Version 10.0

Photoshop Adobe Systems Version CS6

RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents and resources should be directed and will be fulfilled by the lead contact, Liufu Deng
(dengliufu@sijtu.edu.cn).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original codes.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Experimental animals were kept under specific pathogen-free (SPF) conditions. Six-to eight-week-old female C57BL/6J (WT) mice
were purchased from Shanghai SLAC Laboratory Animal Co., Ltd and all mice were at least doubly housed. STING™~ mice were
kindly provided by Dr. Glen N. Barber of University of Miami School of Medicine and backcrossed to C57BL/6J mice for at least
ten generations. cGAS™~ mice were purchased from the Jackson Laboratory. CD45.1 mice were gifts from Dr. Chuanxin Huang
of Shanghai Institute of Immunology. The Ncr1©™ (C57BL/6-Ncr1™1(C®)/Bcgen) transgenic mice were obtained from Beijing Bio-
cytogen Co., Ltd. STING"°* mice were kindly provided by Dr. John C Cambier of University of Colorado Denver and National Jew-
ish Health. And cGAS™1°* mice were gifts from of Dr. Zhenyu Ju of the Jinan University. IFNAR1%°¥1°% mice were kindly provided
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from Professor Dr. Ulrich Kalinke of the TWINCORE-Zentrum fiir Experimentelle und Klinische Infektionsforschung. STING/flex,
cGAS™xX gnd IFNAR11Y1* mice were crossed with Ncr1©™® mice to generate Ncr1'°STING”, Ncr1©®cGAS” and
Ncr1©®IFNAR1" mice, respectively. And all in vivo animal experiments were carried out in accordance with the animal experimental
guidelines set by the Institutional Animal Care and Use Committee (IACUC). This study has been approved by IACUC of Shanghai
Jiao Tong University School of Medicine and Shanghai Jiao Tong University.

Cells and cell culture

B16F10 melanoma cells (purchase from national collection of authenticated cell cultures) were maintained in MEM (Hyclone) supple-
mented with 10% FBS (Gemini), 100 U/mL penicillin (Thermo Fisher Scientific), 100 ng/mL streptomycin (Thermo Fisher Scientific),
1xnon-essential amino acids solution (Thermo Fisher Scientific), 1 mM sodium pyruvate (Thermo Fisher Scientific) and 10 mM
HEPES (Thermo Fisher Scientific) at 37°C in 5% CO,. MC38 colon tumor cells (gifted from Dr. Yang-Xin Fu) and K562 tumor (kindly
provided by Dr. Ying Wang), were cultured in DMEM (CORNIG) supplemented with 10% FBS, 100 U/mL penicillin, 100 pg/mL strep-
tomycin and 10 mM HEPES at 37°C in 5% CO,. B2M~'~ and cGAS ™~ cell lines were generated using CRISPR-Cas9 (described
below). Primary NK cells obtained from mouse and human PBMC were cultured in cultured in RPMI 1640 (GIBCO) supplemented
with 10% FBS (GIBCO), 100 U/mL penicillin, and 100 pg/mL streptomycin, 4 mM L-glutamine, 50 uM 2-Mercaptoerhanol, 1 mM so-
dium pyruvate. The NK-92Ml cell line (kindly gifted by Dr. Hua Zhu) were cultured in o-MEM medium (Gibco) containing 12.5% horse
serum (Hyclone), 12.5% fetal bovine serum (Gibco), 0.02 mM folic acid (Sigma), 0.2 mM inositol (Sigma), 1% penicillin/streptomycin,
0.1mM B-mercaptoethanol. All the cells were tested negative for mycoplasma contamination.

Human samples collection

All the primary, metastatic and adjacent carcinoma specimens were obtained under informed consent from untreated patients un-
dergoing surgical resection. Human peripheral blood samples were obtained from healthy volunteers and patients with cancer (cer-
vical, endometrial and ovarian cancer) (Table S2). The healthy control samples were obtained from individuals with no known cancer
or other diseases. The study was performed in accordance with the protocols approved by the institutional review board of Ren Ji
Hospital, Shanghai Jiao Tong University School of Medicine and informed consent from all subjects has been obtained. Peripheral
blood was collected for the further isolation of peripheral blood mononuclear cells (PBMCs) as previously described.>® Briefly, blood
was diluted with an equal volume of PBS, overlaid on Ficoll-Paque PLUS (GE Healthcare) and centrifuged at 2000 rpm for 20 min at
20°C. Mononuclear cells were washed twice with PBS and either used immediately or frozen in fetal bovine serum containing 10%
dimethyl sulfoxide stored at —80°C until use.

METHOD DETAILS

Generation of cell lines using CRISPR-Cas9

The genome editing one vector system (lentiCRISPR-v2) (from the laboratory of X.-Y. Liu) was used to knockout mouse B2M or cGAS
in MC38 and B16F10 tumor cells. The single-guide RNA (sgRNA) oligos targeting murine Cgas and murine B2m were annealed to
generate sgRNA oligonucleotides and then cloned into lentiCRIPR-v2 vector plasmid, respectively. The sequence of the sgRNA
were showed in the Table S1. For cGAS knockout, lentiviral particles were generated by co-transfection of HEK293T with lenti-
CRISPR (with Cgas sgRNA cloned) and packaging plasmids PsPAX2 and pMD2.G using NEOFECT DNA transfection reagent (Neo-
fect (beijing) biotech). Supernatants from HEK293T were collected 48 h and 72 h post-transfection, passed through a 0.45 um filter to
remove cell debris and frozen as 1-mL aliquots at —80°C. MC38 and B16F10 were infected with lentivirus in the presence of 10 pg/mL
polybrene. 3 ng/mL puromycin (Beyotime Biotechnology) was used to select CRISPR-Cas9-infected MC38 tumor cells and 2 pg/mL
puromycin for selection of transduced B16F10 tumor cells. Then these selected knockout clones were confirmed by immunoblot
analysis for the loss of cGAS proteins. Two independent clones were analyzed as indicated and the MC38-vector cells were used
as control.

For B2M knockout, we transfected tumor cells with lentiCRISPR (with B2m sgRNA cloned) plasmid to transiently express the
CRISPR-Cas9 system. Transfection was carried out using Lipofectamine 3000 (Invitrogen) and Opti-MEM (Gibco), according to
the manufacturer’s instructions. After 48 h, cells were cultured with puromycin for four days and the presence of B2M was verified
by flow cytometry analysis. Briefly, transfected tumor cells were incubated with 20 ng/mL IFN-y (PeproTech) for 48 h to induce MHC
class | expression and followed identified B2M knockout cell clones via staining with anti-MHC class | (H-2Kb; clone AF6-88.5,
BioLegend).

In vivo tumor models

For the subcutaneous tumor mouse model, tumor cells were washed three times by PBS and 100 pL cell suspensions were injected
subcutaneously. Tumor size was measured using a manual caliper and estimated using the ellipsoid formula: V = L*W*H/2. Tumors
were excised before exceeding the volume permitted by the IACUC guidelines for the Shanghai Jiao Tong University. For the metas-
tasis, 200 pL B16F10 melanoma cell suspensions (containing 2x 10° cells) were intravenously injected into the tail vein of mice. After
12-14 days, the lungs were resected after perfusion with PBS. Lung colonization was quantified by counting the visible colonies on
the lung surface under a stereo microscope. For CD8" T cell depletion, 250 ug anti-CD8 antibody (clone 2.43, BioXCell) was injected
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i.p. into the mice every 3 days for total 3 times beginning on day 4 after intravenous tumor inoculation. For NK cell depletion, 250 nug
anti-NK antibody (clone PK136, BioXCell) was injected i.p. into the mice every 3 days for total 3 times beginning on day 4 after intra-
venous tumor inoculation.

Antibodies and flow cytometry

Fluorochrome-conjugated antibodies against mouse proteins were used for flow cytometry: anti-CD45.2 (clone 104, BioLegend),
anti-CD45.1 (clone A20, eBioscience), anti-CD3 (clone 145-2C11, BD), anti-NK1.1 (clone PK136, eBioscience), anti-CD69 (clone
H1.2F3, BioLegend), anti-NKp46 (clone 29A1.4, BioLegend), anti-CD27 (clone LG.7F9, eBioscience), anti-CD11b (clone M1/70,
BioLegend), anti-MHC class | (clone AF6-88.5, BioLegend), anti-IFNAR1 (clone MAR1-5A3, BiolLegend), anti-IFN-y (clone
XMG1.2, BioLegend), anti-CD107a (clone 1D4B, BiolLegend), anti-TCF-1 (clone S94 -966, BD), anti-Ki-67 (clone 16A8,
BioLegend). And antibodies against to human specific markers were as follows: anti-CD45 (clone 2D1, Biolegend), anti-CD3 (clone
SK7, Biolegend), anti-CD14 (clone 63D3, BioLegend), anti-CD56 (clone NCAM16.2, BD), anti-CD16 (clone 3G8, BioLegend), anti-
IFN-y (clone 4S.B3, BD), anti-CD107a (clone H4A3, Biolegend), anti-TCF-1/TCF-7 (PE conjugated) (clone C63D9, Cell Signaling
Technology), anti-STING (clone T3-680, BD). Flow cytometry was performed using standard protocols as previously described.

Dissected tumor tissues were cut into small pieces and digested with 1 mg/mL collagenase | (Worthington Biochemical) and
0.2 mg/mL DNase I (Sigma) for 30 min at 37°C. Lungs were cut into small pieces and digested by 0.4 mg/mL collagenase VIII (Sigma)
and 0.1 mg/mL DNase | (Sigma) for 45 min at 37°C. Single-cell suspensions of all the tissues were generated by passing cells through
a 40-um filter and then blocked with murine anti-FcR (2.4G2, BioXcell) or human anti-FcR (Miltenyi Biotec) for 15 min prior to staining
with antibodies against surface molecules at 4°C for 30 min. LIVE/DEAD stain (ThermoFisher Scientific) was used to exclude dead
cells. For intracellular staining of transcription factors and cytokines, cells were fixed with the Foxp3/Transcription Factor Staining
Buffer Set (eBioscience) according to the standard protocols. For analysis of NK cell function, cell suspensions were incubated
for 4 h in medium containing eBioscience Cell Stimulation Cocktail (plus protein transport inhibitors) (Invitrogen), and anti-CD107a
(1 ng/mL) antibodies before surface and intracellular staining.

For quantifying the phosphorylation of STING in NK cells from patients with cancer, PMBCs were stimulated with 5 uM cGAMP for
4 h and then harvested to further fixed with Phosflow Fix Buffer | (BD) according to BD Phosflow protocol. The first antibody-Rabbit
anti-human p-STING (Ser366) (clone E9A9K, Cell Signaling Technology) was used at a dilution of 1:200. After 30-min incubation, Goat
anti-rabbit IgG Alexa Flour 488 (Thermo Fisher Scientific) as the secondary antibody was added at a dilution of 1:2000 for another
30-min incubation and then washed twice with Phosflow Perm/Wash buffer | (BD) for further flow analysis. Flow cytometry was per-
formed using an LSRFortessa or an LSRFortessa X-20 (BD Biosciences). Data were analyzed with FlowJo X.

For quantifying the phosphorylation of TBK1 in NK cells from tumor-bearing mice, 1 x 10° B16F10-vector and B16F10-cGAS ™~
cells were injected (intraperitoneally) into WT mice and after 16 h, mouse peritoneal lavage fluid was stained for p-TBK1 expression
according to BD Phosflow protocol. The first antibody-Rabbit anti-mouse p-TBK1 (Ser172) (clone D52C2, Cell Signaling Technology)
was used at a dilution of 1:200. And Goat anti-rabbit IgG Alexa Flour 488 (Thermo Fisher Scientific) as the secondary antibody was
added at a dilution of 1:2000. Flow cytometry was performed using an LSRFortessa or an LSRFortessa X-20 (BD Biosciences). Data
were analyzed with FlowJo X.

Mouse NK cell enrichment and in vitro analysis

Enrichment of mouse NK cells from spleens was performed by flow sorting (typically 97% purity). To characterize NK cells activity
under STING signaling activated, purified NK cells were seeded in the 96-well plates and stimulated with indicated concentration of
cGAMP in the presence of murine IL-15 (10 ng/mL, Peprotech) for 24 h and then quantified expression of CD69 by flow cytometry. For
IFNAR1 blockade experiment, 200 pg/mL a-IFNAR1 blocking monoclonal antibody (clone MAR1-5A3; Bio X Cell) was added in the
NK cells culture medium along with the exposure to 5 uM cGAMP. For evaluation of the activation of type | interferon signaling, pri-
mary NK cells were incubated for 9 h with or without 5 pM cGAMP and then collected for further examination by real-time PCR.

Human NK cell enrichment and in vitro analysis

Enrichment of human NK cells from PBMCs obtained from healthy volunteers was performed using the EasySep Human NK Cell
Isolation Kit (catalog no. 17955, STEMCELL Technologies) in accordance with the manufacturer’s instructions. Isolated human
NK cells were pre-activated in the presence of recombinant human IL-15 (5 ng/mL, Peprotech) for 16 h in the 96-well plate and
then incubated with or without 1 uM cGAMP in the culture medium for 7 days. After that, these activated cells were collected for
further flow analysis. For function evaluation, these cells were re-stimulated by co-culturing with K562 targets (effector/target ratio
of 5:1), Protein transport inhibitor (Cat#00-4980-93, Invitrogen) and anti-human CD107a was added after 1 h. The effector and target
cells were mixed and centrifuged at 50g for 0.5 min and were incubated at 37°C in 5% CO, for 6 h. And then cells were stained with
surface markers and intracellular anti-human IFN gamma.

Mouse NK cells co-transfer

In the WT and STING™~ NK cells co-transfer experiment, WT (CD45.1*) and the STING ™/~ (CD45.2*) donors were on the B6
background. In brief, the spleen cell suspension obtained from CD45.1* WT and CD45.2* STING ™~ mice were both labeled with
CTV (3 uM) and subsequently primary NK cells were enriched for further stimulated with a cytokine cocktail containing I1L-12
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(10 ng/mL, Peprotech), IL-15 (10 ng/mL, Peprotech) and IL-18 (50 ng/mL, MBL) for 16 h. After that, a 50:50 mixture of CTV-labeled WT
and STING ™~ NK cells (~5x10° cells in total) were intravenously transferred into CD45.1* CD45.2* recipient mice. Additionally,
these recipients were inoculated with 8x10° tumor cells via tail vein 1 h before NK cell injection. Four days or seven days later, trans-
ferred-NK cells were characterized through harvesting spleens and lungs by using flow cytometry.

Quantitative reverse transcription PCR

Total RNA was extracted using the TRIzol Reagent (Thermo Fisher Scientific). Reverse transcription of mMRNA was performed with
ReverTra Ace gPCR RT Master Mix (Toyobo) following the standard protocol. gPCR was performed in SYBR Green Real-time
PCR Master Mix (Toyobo) in 7500 Fast Real-Time PCR System or ViiA 7 Real-Time PCR System with 384-Well Block (Applied Bio-
systems). Data were normalized to the transcription of ACTB. Primers used in this study were included in Table S1.

Detection of DNA in cytosolic extracts

2-3x10°% MC38-tdTomato cells were intravenously injected into the tail vein of mice. The MC38-tdTomato cells were sorted from the
lungs by flow cytometry three days after inoculation. The cytosolic DNA inside the tumor cells were detected as previously
described."® Briefly, the isolated tumor cells were divided into two equal aliquots. One aliquot was lysed in 50 pM NaOH, boiled
for 15 min and then neutralized with 1 M Tris-HCI pH 8 to get normalization controls for total DNA. The other aliquot was lysed for
collecting cytosolic supernantants with cytosolic extract buffer (containing 150 mM NaCl, 50 mM HEPES and 25 pg/mL digitonin
(Sigma)) following plasma membrane permeabilization. DNA from whole cell lysates or cytosolic extract was obtained with DNA
Clean & Concentrator (ZYMO RESEARCH) and assessed by g-PCR with gDNA primers and mtDNA primers. Primers used in this
study were included in Table S1.

mtDNA depletion

B16F10 melanoma cells were developed in the presence or absence of 50 uM dideoxycytidine (ddC; Sigma-Aldrich). The mtDNA
abundance was assessed by g-PCR analysis at indicated time points. After treatment with ddC for 6 days, tumor cells were harvested
and injected to mice via tail vein for further monitoring the generation of lung metastatic tumor nodules.

Western blotting

For exanimating STING knockout efficiency in conditional knockouts, primary NK cells were enriched from spleen of STIN
and Ncr1'C®STING " "*mice using the EasySep Mouse NK Cell Isolation Kit and lysed in cell lysis buffer for western blotting. For
detecting STING pathway activation in vitro, NK-92MlI cell lines were cultured with or without cGAMP (5 uM) for 6 h and harvested
for further analysis of phosphorylation of STING and TBK1. The samples were loaded on SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) gels, electrophoresed, transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore), and further incubated
with the primary and secondary antibodies. After three more washes in TBS-Tween, blots were reported using the SuperSignal West
Pico Chemiluminescent Substrate (Thermo Fisher Scientific). The following primary antibodies were obtained from Cell Signaling
Technology: anti-STING (D2P2F) (catalog no. 13647), anti-Phospho-STING (Ser366) (D7C3S) Rabbit mAb (catalog no. 19781), rabbit
anti-TBK1 (catalog no. 3013), anti-phospho-TBK1(S172) (D52C2) (catalog no. 5483); and from Proteintech: anti-tubulin (catalog no.
10094-1-AP) and anti-B-actin (catalog no. 20536-1-AP).

Gﬂox/flox

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics were performed using Prism8 (GraphPad). Unpaired two-tailed Student’s t tests or one-way analysis of variance (ANOVA)
with Bonferroni’s multiple comparison tests were used when data fit the normal distribution. In some instances, paired Student’s t
tests were used. Data that were not normally distributed were calculated by Wilcoxon matched-pairs signed rank tests (two
paired groups) or Kruskal-Wallis test (>2 groups) with Dunn’s multiple comparisons. For tumor growth, two-way analysis of variance
(ANOVA) was used. For survival curve, statistics were calculated using the log rank (Mantel-Cox) test. The number of biological or
technical replicates for each experiment is indicated in the figure legends and all data were presented as mean + standard error
of the mean (SEM). Significance is indicated as follows: *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001; ns, no significant difference.
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