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Abstract

Increased neoantigens in hypermutated cancers with DNA mismatch repair deficiency (IMMR)
are proposed as the major contributor to the high objective response rate in anti-PD-1 therapy.
However, the mechanism of drug resistance is not fully understood. Using tumor models defective
in the MMR gene M/h1 (dMLH1), we show that dMLHZ1 tumor cells accumulate cytosolic DNA
and produce IFN- in a cGAS-STING-dependent manner, which renders dMLH1 tumors slowly
progressive and highly sensitive to checkpoint blockade. In neoantigen-fixed models, dIMLH1
tumors potently induce T-cell priming and lose resistance to checkpoint therapy independent of
tumor mutational burden. Accordingly, loss of STING or cGAS in tumor cells decreases tumor-
infiltration of T cells and endows resistance to checkpoint blockade. Clinically, down-regulation
of cGAS/STING in human dMMR cancers correlates with poor prognosis. We conclude that
DNA sensing within tumor cells is essential for AMMR-triggered anti-tumor immunity. This study
provides new mechanisms and biomarkers for anti-dMMR-cancer immunotherapy.
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About 50% of patients with dAMMR cancers are objectively responsive to immunotherapy. In
addition to neoantigens, Lu et al find that AIMMR-mediated cytosolic DNA sensing by cGAS-
STING pathway in tumor cells contributes to such clinical benefits, while impaired expression of
cGAS-STING pathway associates with drug resistance.

Introduction

The DNA mismatch repair (MMR) pathway maintains DNA-replication fidelity, and
deficiency of MMR (dMMR) is the initiating event in a wide range of cancer types
(Modrich and Lahue, 1996). The characteristics of AMMR cancers include high tumor
mutational burden (TMB), favorable prognosis (Boland and Goel, 2010) and high sensitivity
to immune checkpoint blockade (ICB) therapy (Le et al., 2017; Le et al., 2015). The

current dogma is that hypermutation-generated neoantigens are responsible for favorable
clinical responses to various therapies, especially ICB (Germano et al., 2017; Le et al.,

2017; Le et al., 2015; Mandal et al., 2019). However, despite the correlation of TMB

and clinical benefit, the studies using anti-CTLA4 and anti-PDL1 have shown that some
patients with a high TMB yield no benefit (Chan et al., 2015) (Rosenberg et al., 2016),
implying TMB alone is insufficient. Moreover, a retrospective analysis shows that TMB is
not significantly associated with the efficacy of anti-PD-1 plus chemotherapy (Paz-Ares et
al., 2019). Specifically, in dAMMR cancers treated with ICB, the TMB is not significantly
different between responders and non-responders (Le et al., 2017). Meanwhile, the objective
response rate (ORR) to anti-PD-1 therapy is quite variable, ranging from 28%-53% (Diaz et
al., 2017; Le et al., 2017; Marabelle et al., 2020; Overman et al., 2017). These observations
imply that in addition to TMB, other functional changes mediated by dMMR may play roles.
Antigen-presentation is indispensable for T-cell mediated anti-tumor effects, and mutations
in its associated pathways could attenuate cytotoxic attack. Mutations in B2M are frequent
in AMMR cancers, whereas its loss correlates with a favorable clinical course and absence
of metastatic disease (Koelzer et al., 2012). In contrast, recent studies have demonstrated
that mutations in B2M only exist in the metastatic sites while the primary dMMR tumors
are resistant to ICB (Le et al., 2017). Interferons are known to potently upregulate antigen-
presentation genes. Loss-of-function mutations in JAK1/2, key genes for interferon signal
transduction, have been found in ICB-resistant AIMMR cancers (Shin et al., 2017). However,
the frequency is very limited, and not all cases with such JAKZ/2 mutation are ICB-resistant
(Kopetz et al., 2018). Overall, evidence for explaining ICB-resistance is still limited (Ganesh
etal., 2019).

Preclinical and clinical studies have shown that pre-existing CD8" T cells in the tumor
microenvironment are required for effective ICB therapy (Heemskerk et al., 2013; Maleki
Vareki, 2018; Tang et al., 2016; Tumeh et al., 2014). However, immunogenic antigens do
not surely correlate with the T cell-inflamed tumor microenvironment (Spranger et al.,
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2016). It has been reported that in patients with Lynch syndrome arising from dMMR,

the immune profile is independent of mutational rate in colorectal tumor tissue (Chang

et al., 2018). Increasing evidence suggests that tumors hamper T-cell infiltration through
various mechanisms (Mariathasan et al., 2018; Peng et al., 2015; Peng et al., 2016; Spranger
et al., 2015). Specifically, about 50% of colorectal cancer samples with both microsatellite-
instability-high (MSI-H) and TMB-high displays a low level of T-cell infiltration (Cristescu
et al., 2018). Recently, a negative correlation is identified by proteogenomic analysis
between glycolytic activity and CD8* T cell-infiltration in MSI-H colon cancers (Vasaikar et
al., 2019), suggesting an underlying mechanism of rendering TMB-high tumor progressive
by impairing tumor-infiltration of T cells. However, additional molecular insights are needed
to figure out the major factors that account for the high or low level of T-cell infiltration in
dMMR cancers (Llosa et al., 2015).

Here, we show that deficiency of MLH1 and subsequent accumulation of cytosolic

DNA activate the cGAS-STING pathway, contributing to increased immunity. Conversely,
diminishing this DNA sensing by MLH1 rescue or STING/cGAS knockout in tumor cells
leads to progressive tumor growth and ICB resistance. Our findings reveal additional
mechanisms of responsiveness versus unresponsiveness to ICB therapy in dMMR cancer
hosts, and provide biomarkers for future clinical practice.

Deficiency of Sting in tumor cells accelerates dMLH1 tumor progression

To explore why some hosts of dAMMR cancers respond to immunotherapies while others
fail, we developed dMMR murine tumor models by knocking out the key MMR gene
MIh1, whose inactivation contributes to the majority of cancers with MSI (Boland and
Goel, 2010). Starting with commonly used mouse mammary carcinoma cell line 4T1

and melanoma cell line B16-OVA, we generated M/h1 null variants through CRISPR-
Cas9, permitting the isolation of clones with MLH1 protein deficiency confirmed by
Western blot. The M/h1 deficient (AMLHZ1) clones were passaged extensively in vitro to
permit accumulation of mutations. The growth patterns in vitro among different passages
were similar. Then engraftment into immunocompetent syngeneic mice was evaluated by
subcutaneous injection of different passages of these dMLH1 cells. Tumors derived from
cells cultured extensively at the day-170 (D170) grew more slowly than those from cells
cultured for 35 or 57 days (Figures 1A and 1B), suggesting that a hypermutated phenotype
indeed suppresses tumor progression. However, the in vitro growth rate was not affected
(Figure S1A), despite that amounts of mutations were identified in these tumors by whole
exome sequencing (Table S1). The growth kinetics both in vivo and in vitro were consistent
with recent reports (Germano et al., 2017; Mandal et al., 2019), in which increased TMB
or neoantigens were confirmed by sequencing and were closely associated with decreased
tumorigenesis and increased immunity.

MMR is a highly conserved DNA repair pathway, and we proposed that its defect might
increase the exposure of tumor DNA to trigger innate sensing. MyD88 is one of the

major adaptors through which host cells sense exogenous damage signaling. However,
MyD88-deficient mice and wild type (WT) mice showed similar tumor-growth suppression
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(Figure S1B). Engraftment rate and subsequent tumor growth could also depend on the

host cGAS-STING pathway (Woo et al., 2014). To explore its role in tumor progression by
inoculating late passaged cells (D170) into Sting-deficient and WT mice, we surprisingly
observed no significant differences between them with respect to engraftment or subsequent
tumor growth (Figure 1C). To address whether the tumor intrinsic DNA sensing pathway is
required, we knocked out Sting in dMLH1 cells and isolated clones at different passages by
counting cultured days from the day of M/A1 knockout as before (Figure S1C). Intriguingly,
Sting-deficient dAMLH1 tumors grew much faster than dMLH1 tumors (Figures 1D and 1E),
suggesting that STING pathway inside tumor cells rather than host cells is essential.

The type | IFN signal is a key effector of the STING pathway for promoting antigen
presentation and dendritic cells (DCs) activation (Sceneay et al., 2019). We assessed its role
in type | IFN receptor (IFNAR1) deficient mice, and found that highly immunogenic B16-
OVA tumors were more aggressive in these mice than in IFNAR1-proficient mice (Figure
1F). To avoid the potential interference of developmental defects in the immune system due
to IFNARL deficiency, we repeated this experiment in 4T1 model by blocking type I IFN
signal with an anti-IFNAR1 monoclonal antibody (mAb) in WT mice and found similar
results (Figure S1D). DCs are the key cells that respond to IFN for cross-priming functions
(Joffre et al., 2012). To study whether type I IFN signal on DCs was required, dMLH1

cells were inoculated into CD11c-Cre; IFNAR17f mice, where IFNAR1 is conditionally
depleted in DCs. Lack of IFNARL in DCs allowed rapid growth of immunogenic and
MLHZ1-deficient B16-OVA tumors (Figure S1E). CD103" DCs, a subpopulation of DCs,
plays a key role in cross-presenting tumor antigens to CD8* T cells. We therefore inoculated
dMLH1 tumors in Batf3-deficient mice lacking CD103* and CD8a* DCs. Batf3-deficient
mice completely failed to control dMLH1 tumors (Figures S1B and S1F). Further, the results
of depleting CD8+ T cells indicated that CD8* T cells are essential for limiting dMMR
tumors (Figures S1F and S1G). Taken together, the data presented here indicate that AMLH1
tumors trigger tumor cell-intrinsic DNA sensing to enhance cross-priming by dendritic cells
upon CD8* T cells.

MLH deficiency induces activation of type | IFN pathway

Next, we investigated whether and how the STING-IFN pathway in dMLH1 cells were
activated. First, we detected the expression changes of interferon-induced genes (ISGs), and
found that they were significantly elevated in cultured dMLH1 4T1 cells and B16-OVA
cells. We reproduced this result in mouse lung cancer cell line TC-1 and colon cancer cell
line MC38-OVA (Figures 2A and S2A), as well as in B16-OVA cells with M/h1 knockout by
another set of gRNA (Figure S2B). Meanwhile, activation of IFN signal was confirmed by
the enhanced phosphorylation of STAT1 (Figure 2B). To directly determine IFN production,
we quantified IFN-p in the supernatant of cultured dMLH1 cells by ELISA and readily
detected IFN-B (Figure 2C). However, the detected levels of IFN-f did not induce apoptosis
(Figure S2C) or impair growth rate (Figure S1A). The aggressor phenotype of dAMLH1
tumor with Sting-deficiency implies that STING is involved in the upregulation of type |
IFN. Concordantly, these type | IFN signals disappeared in Sting-deficient or cGas-deficient
cells (Figures 2D, 2E and S2D). We performed the same tests in human lung cancer cell

line H460 and breast cancer cell line MCF7 and obtained similar results (Figures 2F, S2E
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and S2F). To determine whether type | IFN signal was activated in human dMMR cancers,
we generated a list of type | ISGs differentiable from type Il IFN-induced ISGs, and
analyzed their expression in MSI-H versus microsatellite-stable (MSS) colorectal tumors
from The Cancer Genome Atlas (TCGA). About two-thirds of type | ISGs (44/68) were
significantly up-regulated in MSI-H tumors (Figure 2G). For the increased ISGs, tumor cells
and non-tumor cells may be the main cellular source that encounters tumor-cell derived

type | IFN; Meanwhile immune cells that are able to engulf dAMMR tumor cells may also
contribute. Taken together, these data reveal that AMLH1 activates the cGAS-STING-IFN
pathway in various mouse tumor models, and possibly in human tumors. More clinical
studies are needed to further confirm this hypothesis,

MLH1-deficient cells accumulate cytosolic DNA

We next investigated the mechanism of STING activation. Given that mutation is an ongoing
event in dMLH1 cells, one possibility is that dMLH1-mediated mutations occur in certain
genes upstream of STING, thus enhancing the STING pathway; another possibility is that
MLH1 itself negatively regulates the STING pathway. MLH1 rescue should distinguish
between these two possibilities, because mutations that were generated previously would
not be reversed by MLH1 rescue. As shown in Figures 3A, 3B, S3A and S3C, all

elevated IFN signals disappeared when MLH1 was restored to dMLH1 4T1 cells or TC1
cells, which supported the second hypothesis. Our previous findings have shown that
MutLa (a heterodimer of MLH1 and PMS2), promptly terminates exonuclease 1 (Exol)-
catalyzed DNA excision upon mismatch removal; In the absence of MutLa, Exol conducts
unnecessary hyper-excision (Zhang et al., 2005). We have recently shown that MutLa

also regulates Exo1l activity in DNA end resection, which is required for homologous
recombination-mediated double strand break repair (Guan et al., 2021). Excess DNA
excision by Exol in the absence of MLH1 could result in severe DNA damage triggering the
release of genomic DNA from nucleus to cytoplasm, activating the cGAS-STING pathway
to produce IFN. We stained cytosolic dsDNA with PicoGreen and found that a significantly
higher percentage of dMLH1 cells than WT cells showed cytosolic DNA positive, which
diminished to the level of WT cells after rescue of MLH1 (Figures 3C and S3B). This
result was confirmed by qPCR analysis (Figure 3D) and PicoGreen dsDNA quantification
assay (Figure S3D) using cytosolic DNA fragments isolated from cultured cells. Similar
results were obtained in B16-OVA cells (Figure S3E) and human cell lines (Figures 3E

and 3F). To confirm this phenotype in spontaneous human dMMR cancers, we transfected
MLH1 into an MLHZ1-deficient human colon cancer cell line HCT116 (Figure S3F), and
observed decreased cytosolic DNA after rescue (Figure 3G). Consistent with the in vitro
results, dMLH1 tumors showed regressor phenotype, but rescue of MLH1 reversed this to a
progressor phenotype (Figures 3H and S3G). We conclude that MLH1 negatively regulates
cytosolic DNA and restrains cGAS-STING-mediated DNA sensing.

dMLH1-mediated DNA sensing promotes epitope-specific T cell activation

To specifically elucidate the essential role of DNA sensing in eliciting anti-tumor CD8*

T cell responses independent of neoantigens, we designed experiments to exclude mutation-
derived neoantigens by utilizing neoantigens-fixed models in vitro and in vivo. First, to
determine whether the increased STING-IFN signal in dMLH1 cells provides an activated
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signal for single epitope-specific CD8* T cell priming by antigen-presenting cells (APCs),
we co-cultured bone marrow-derived dendritic cells (BMDCs) with OVA-expressing tumor
cells, then used purified BMDCs to cross-prime OT-1 T cells for 2 days, and finally
detected T cell proliferation and function. The results showed that BMDCs pre-educated

by dMLH1 tumor cells provided a potent activated signal for optimal single epitope-specific
T cell proliferation and cytokine production (Figures 4A, 4B, S4A and S4B), while Sting
deficiency diminished such effects. In addition, when pre-cultured /fnar-deficient BMDCs
with dMLH1 tumor cells, we found that the proliferation levels of T cells were dramatically
reduced in both MMR-proficient and -deficient groups (Figure S4C), which was consistent
with in vivo results that anti-dMMR tumor immunity is dependent on type | IFN signal in
dendritic cells (Figures 1F and S1E).

To better understand the role of type I IFN in BMDC-mediated cross-priming, we added
the supernatant from cultured tumor cells into the co-culture system of BMDCs and OT-

I cells in the presence of OVA protein instead of tumor cells, and the results showed

that rescue of MLHL1 or deficiency of Sting in tumor cells impaired T cell proliferation
(Figure 4C). All of these effects were independent of mutation-derived neoantigens, as the
proliferation of OT-I T cells was only induced by mutation-independent OT-I epitope from
tumor cells or exogenously added OVA protein at equal level. For the T cell responses

in vivo, we inoculated OVA protein-expressing tumor cells into immunocompetent mice
and detected anti-tumor immune responses by IFN-y ELISPOT. The results showed that
dMLH1 tumors triggered a stronger OT-1 epitope-specific T cell response, while knockout
of Sting significantly impaired such effects (Figures 4D and S4D). Consistent with the
change in tumor-specific T cell responses, the overall tumor-infiltrating CD8* T cells
increased significantly in dMLH1 tumors, while deficiency of Sting damaged CD8* T cell
infiltration (Figure 4E). These data reveal that dAMLH1 tumors activate anti-tumor CD8* T
cells responses in a manner dependent on tumor-cell intrinsic cGAS-STING pathway, but
not necessarily on mutation-mediated neoantigens, and that deficiency of the cGAS-STING
pathway in dMMR tumor cells dramatically diminishes tumor-infiltration of CD8* T cells.

dMLH1-mediated DNA sensing enhances immune checkpoint blockade

To evaluate the role of DNA sensing in the therapeutic setting of ICB, we implanted
fragmented tumor tissues into immunocompetent mice, followed by ICB treatment. As
shown in Figures 5A and S5A, dMLH1 4T1 tumors had a complete response to ICB
treatment, while MLH1-rescued tumors had no such effects. Similarly, knockout of

Sting also impaired the therapeutic effects (Figure 5B). To eliminate the contribution of
neoantigens generated due to M/h1-deficiency in ICB therapy, we inoculated MC38-OVA
cells into TCR transgenic 2C mice, then adoptively transferred OVA-specific OT-1 T cells
and administered ICB. The utilized TCR transgenic 2C mice here have two advantages: 1,
the endogenous T cells only recognize the SIY epitope (SIYRYYGL), which is not present
in tumor cells; 2, the endogenous T cells could inhibit homeostasis-driven proliferation

of adoptive transferred T cells (Cho et al., 2000). As shown in Figure 5C, MC38-OVA
tumors showed no response to ICB therapy, while dMLH21 tumor initially regressed within
one week after T-cell transfer in non-1CB group, and relapsed later, but ICB treatment
persistently controlled tumor progression. Similar therapeutic effects were observed with the
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4T1-HA model (Figures 5D and S5B-S5E). All data above suggest that dMLH1-induced
DNA sensing elicits potent anti-tumor T-cell responses independent of neoantigens.

Impaired cGAS expression contributes to ICB resistance

To explore clinical relevance of our findings, we analyzed dozens of human dMLH1
cancer cell lines in the Cancer Cell Line Encyclopedia (CCLE) of the Broad Institute of
Massachusetts Institute of Technology and Harvard (Ghandi et al., 2019), and found 60%
(18/30) of them were deficient in cGAS expression (Figure S6A). To confirm this correlation
of AIMMR and cGAS expression in clinics, we analyzed their expression in uterine corpus
endometrial carcinoma (UCEC), which has the most MSI-H samples (TCGA). Results
showed that cGAS expression was significantly lower in MSI-H group than in the MSS
group (Figure 6A). To explore the consequences of impaired cGAS expression in dAMMR
cancers, we implanted cGAS-rescued HCT116 (Figure S6B) cells into NSG-SGM3 mice
chimerized with human immune cells (Li et al., 2019), and administered ICB therapy.
Compared to cGAS-rescued HCT116, cGAS-deficient HCT116 tumors had less CD8* T
cell infiltration (Figures 6B and S6C), and were more resistant to ICB therapy (Figure
6C). Consistent with our mouse data, we found that cGAS expression level positively
correlated with CD8* T cell-inflamed-gene expression (Figure S6D). Moreover, higher
cGAS expression predicted better survival of patients with MSI-H cancers (Figure 6D). To
confirm it in immunotherapy setting, we identified 7 samples with dMLH1 in a clinical
trial in which patients received pembrolizumab until progression or unacceptable toxicity
(NCT01876511), and found that higher cGAS or STING expression translated into better
survival (Figure 6E). Strikingly, the responders had higher cGAS and STING expression
than non-responders (Figure 6F). Additionally, we analyzed the correlation between cGAS
expression in tumor tissue and survival from melanoma patients treated with anti-CTLA4
(Van Allen et al., 2015). The results showed that higher cGAS expression associated with
better survival (Figure S6E). As there were very few samples with dMMR in melanoma,
the non-significantly correlative trends imply that cGAS expression may predict prognosis
in MMR-proficient cancers, in which we speculate that to a less extent, the basal level

of cytosolic DNA may still activate CGAS-STING pathway, or there are other ways to
trigger DNA sensing. Collectively, our data from human tumors in humanized mouse models
and the samples collected from clinical trial reveal that down-regulation of cGAS/STING
expression in MSI-H/dMLH1 cancers diminish tumor-infiltration of CD8* T cells and
associate with impaired ICB therapy.

Discussion

Although hypermutation-mediated neoantigens are believed to be the major reason for the
high ORR in dMMR cancers, here we show that lack of T-cell infiltration still makes
dMMR tumor insensitive to ICB treatment. Specifically, with the same level of neoantigens,
compared to MMR-proficient tumors, MMR-deficient tumors are more potent to elicit DCs-
mediated cross-activation of CD8* T cells and more responsive to ICB treatment, revealing
the indispensable role of tumor-infiltrating T cells recruited independent of neoantigens, and
implying a programmed ability of dMMR tumor cells in activating T cells. Interestingly,

a recent study reported that higher T cell-infiltration is found in dMMR gastroesophageal
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adenocarcinomas, which harbor loss-of-function mutations in /LA and B2M genes (von
Loga et al., 2020). The subsequently reduced antigen-presentation obviously does not
account for increased T-cell infiltration, but may imply that highly-mutated tumors may
also have mutations in certain genes that negatively regulate T-cell infiltration.

Fifty percent of cancers with both MSI-H and TMB-H are lack of T-cell infiltration
(Cristescu et al., 2018), but the reasons are not clearly defined (Vasaikar et al., 2019).

Here, we present new evidence suggesting increased DNA sensing in dAMMR tumor cells is
essential for increased T-cell immunity. Notably, in a variety of therapeutic settings, such

as chemotherapy, radiotherapy, DNA repair pathway-targeted therapy and so on, damaged
DNA enhances T-cell activation and anti-tumor effects by triggering the Toll-like receptors
or the cGAS-STING dependent type | IFN signal (Deng et al., 2014; Pantelidou et al., 2019;
Shen et al., 2019; Sistigu et al., 2014). However, we find that in the absence of treatment,
the cGAS-STING pathway has already been activated in dMMR tumor cells, triggering
anti-tumor immune responses. Such effects are stimulated by accumulated cytosolic DNA.
The disappearance of cytosolic DNA and IFN signal after MLH1 rescue demonstrates

that MLH1 plays dual roles as a tumor suppressor: 1) as a key MMR component, MLH1
suppresses tumor development by correcting biosynthetic errors generated during DNA
replication (Li, 2008); 2) MLH1 deficiency limits tumor progression via triggering DNA
sensing-mediated anti-tumor immune surveillance. In the latter case, loss of MLH1 deprives
tumor cells of Exol’s regulator MutLa, such that Exol conducts uncontrolled DNA excision
during DNA repair, including MMR and homologous recombination-mediated DNA double
strand break repair. This uncontrolled excision causes RPA exhaustion, DNA breaks and
chromosomal breaks, which triggers cells to release of damaged DNA to the cytoplasm to
activate the cGAS-STING pathway (Guan et al., 2021)

With DNA-damage-inducing therapies, both tumor cell-derived and host-derived cGAS-
STING pathway have been reported to contribute to tumor control (Deng et al., 2014;
Pantelidou et al., 2019; Sen et al., 2019; Wang et al., 2017). However, in non-treatment
setting, increasing evidence suggests that tumor cell-intrinsic cCGAS/STING activation plays
a role of promoting tumor initiation, development and metastasis (Bakhoum et al., 2018;
Kwon and Bakhoum, 2020; Lemos et al., 2016; Liu et al., 2018). Here, we show that in

a dMMR background, the STING-cGAS pathway within tumor cells, but not host cells,

is essential for suppressing tumor progression. Mechanistically, the STING-cGAS pathway
regulates tumor-infiltration of CD8* T cells, as the increased CD8* T cells disappear in
STING or cGAS knockout tumors. To explain the conflicting resource of the cGAS-STING
pathway, we propose two potential possibilities. On one hand, in therapeutic settings,
ionizing radiation, for example, induces an acute death of tumor cells, which can readily
release tumor DNA or cGAMP into tumor microenvironment, subsequently activating the
CGAS-STING pathway in immune cells (Mardjuki et al., 2020); While without treatment,
dMMR tumors should have no such acute death. On the other hand, although immune

cells are professional in producing type | IFN via the cGAS-STING pathway, they are still
replaceable if tumor cells could produce significant type I IFN on their own, and in dMLH1
tumors, this is just the case.
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With both DNA sensing and neoantigens being increased in dAMMR tumor cells, it is

hard to evaluate the role of DNA sensing in tumor progression. As neoantigens may vary
between M/h1 single knockout cells and MiA1 plus Sting double knockout cells even at

the same passage, and each neoantigen-specific T cells may influence others, which makes
it unconvincing to argue that STING but not neoantigens in dMLH1 tumor cells mainly
affects tumor progression and ICB therapy in WT mice. Therefore, we fixed the level of
neoantigens using OT-I or HA epitope-expressing tumor cells, and evaluated the role of
dMLH1-mediated DNA sensing in anti-tumor T-cell responses by importing these epitopes-
specific T cells in vitro and in vivo. Our results clearly demonstrate that the increased

DNA sensing itself in AMMR tumor cells promotes T-cell priming and anti-tumor efficiency.
Meanwhile, we noticed that MC38-OVA tumor, a widely used high-immunogenicity model,
progressed very aggressively in such TCR transgenic mice. Several reasons may explain
this: 1) the high-immunogenicity is only true in WT mice, but in our model, only the
transferred number-limited OT-I T cells recognize the OVA antigen in tumor cells, so the
immunogenicity of MC38-OVA model is actually rather low in our system; 2) in other
studies, adoptively transferred anti-tumor T cells are usually pre-stimulated by anti-CD3
plus anti-CD28 mAbs in vitro to be fully activated, resulting in better capacity to regress
tumor; 3) since we transferred un-activated T cells after tumor establishment, so there is
limited basal level of innate sensing for T-cell priming while dMMR provides strong DNA
sensing that helps T-cell activation; 4) when T cells are transferred into Rag mice, they
would be activated because of homeostasis-driven proliferation. However, we transferred
un-stimulated OT-1 T cells after tumor inoculation into 2C-TCR transgenic mice, where
endogenous T cells could effectively prevent homeostasis-driven proliferation.

MSI-H/dMMR has been approved as the only pan-tumor biomarkers for ICB therapy.
However, the responses vary. By exploring the capacity of dMLH1 tumor cells for T-cell
responses, we observed that dMLH1 simultaneously and unexpectedly created the two
signals, mutation-derived neoantigen signal and DNA sensing signal, which well enabled
T-cell priming. This should account for the high tumor-infiltration of T cells and the high
ORR to ICB therapy in dMMR patients. However, to better explain why about 50% of
dMMR cancers do not have ORR to ICB therapy, we found that the downregulation of
cGAS is widespread in common human dMMR cancer cell lines. The loss of cGAS in

60% of human dMMR cancer cell lines raises the possibility that loss of cGAS promotes
aggressive outcome of the parental cancers, as human cancer cell lines are usually developed
from advanced tumors. Consistently, the expression level of cGAS is significantly lower

in MSI-H human tumor samples than in MSS ones, implying an unknown mechanism of
negative regulation. Moreover, using mouse and human dMMR tumor models, we reveal
that the impaired cGAS-STING pathway in tumor cells confers resistance to ICB therapy.
Accordingly, the cGAS/STING expression predicts survival of patients with MMR-deficient
cancers. Loss or impaired cGAS-STING-IFN pathway might allow dMMR tumors to evade
immune rejection, which, besides to neoantigens, might be another way of immunoediting
(Dunn et al., 2006). Therefore, our findings suggest that the cGAS-STING-IFN could be

an independent biomarker for immunotherapy in patients with dAMMR cancers. This study
might provide better rationales to use various immunotherapies that could bypass such
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deficiencies and supple downstream signals to re-activate DCs and T cells inside tumor
microenvironment.

STARXxMethods

Resource Availability

Lead Contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Yang-Xin Fu (Yang-
Xin.Fu@UTSouthwestern.edu).

Material 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—Original TCGA data in the paper is available here https://
gdac.broadinstitute.org/.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains—C57BL/6J and BALB/c mice were purchased from the University

of Texas Southwestern Medical Center Breeding Core or the Jackson Laboratory.

2C TCR transgenic mice (2C) were kept in house. RagZ~/~ and Batf3!~ in both

C57BL/6J and BALB/c background (Ragl and Batf37'~), B6[Cg]- Tmem173m1.2Camb/J
[Sting™~] C57BL/6J-Tg[TcraTcrb]1100Mjb/J [OT-1], B6.Cg-Tg[ /tgax-cre]1-1Reiz/J
[CD11c-Cre], B6[Cg]- /fnarltm1.1Ees/J [IFNAR17T, B6[Cg]- /fnaritm1.2Ees/d [/fnarl™],
B6.129P2[SIL]-Myd88&m1.1Defr/J [MyD88 '], C.129S6[B6]-Rag2tm1Fwa N12 [Rag2],
B6.129S6-Rag2tm1Fwa Tg[TcraTcrb]1100Mjb [Rag2/OT-1] mice were purchased from
Jackson Laboratory or Taconic Farms. Clone4-Tg (CL4) mice were provided by Dr. David
Farrar from the University of Texas Southwestern Medical Center. IFNARL7f mice were
crossed with CD11c-Cre mice to generate the conditionally deficient mice. Rag2 mice
(BALB/C) were crossed with Rag2/OT-1 (C57BL/6) mice to generate F1 mice. Ragl mice
(C57BL/6) were crossed with 2C mice to generate the Rag1/2C mice. All mice were
maintained in a specific-pathogen-free animal facility, and all experiments were conducted
according to regulations of the Institutional Animal Care and Use Committee of the
University of Texas Southwestern Medical Center.

Cell lines—A4T1 is a mouse mammary carcinoma cell line and TC1 is a mouse lung
cancer cell line. 4T1-HA and TC1-OTI were sub-cloned from parental cells infected by

a lentivirus expressing the HA-IRES-GFP cassette and OT-1 epitope (SIINFEKL, OVA
257-64), respectively. B16-OVA and MC38-OVA are OVA-transfected clones derived from
murine melanoma and colorectal tumor cell lines B16 and MC38, respectively. SW620,
H460 and MCF-7 are human colon cancer, lung cancer and breast cancer cell lines,
respectively. For cell lines with genes knocked out, guide RNA sequences targeting mouse
MiIh1, Sting and human MLH1, Sting were inserted into CRISPR-Cas9 system plasmid
PX458 and transfected into the above cell lines with Lipofectamine™ 2000, GFP positive
cells were sorted by FACS and cultured in vitro for 5-7 days, then GFP negative cells
were sorted and diluted into 96-well plates at one cell per well. Clones were isolated and
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confirmed by Western Blotting. To rescue MLH1, 4T1- M1~ and TC1-MIh1~ cells
were infected by lentivirus harboring MLH1-IRES-mRFP cassette or control cassette with
IRES-mRFP. Then, mRFP positive cells with similar expression levels were sorted by FACS
using a BD FACSArria Il cell sorter. The passage of M/h1knockout cells or MIh1& Sting
double knockout cells were determined by all in vitro cultured days counted from the day of
transfection of plasmid pX458-gM/h1. Knockout of 7mem173was performed on 2 months’
passage of dMLH1 cells. All cell lines were cultured in 5% CO» at 37°C and maintained in
vitro in Dulbecco’s modified Eagle medium supplemented with 10% heat-inactivated fetal
bovine serum (Sigma-Aldrich), 100 U/mL penicillin, and 100 mg/mL streptomycin. All cells
lines were tested and confirmed to be free of Mycoplasma. The whole-exome sequencing

in 4T1-MIh1~ cells (day170) was performed at Genewiz with Illumina HiSeq 2x150 bp
sequencing, and variant calling and data analyzed were performed by Genewiz.

METHOD DETAILS

RNA Extraction and Quantitative Real-Time PCR—ATfter 2-day culturing in a T25
flask, tumor cell lines were resolved into TRIzol and processed to RNA extraction. Real-
time PCR was performed with SsoAdvanced™ Universal SYBR Green Supermix according
to the manufacturer’s instructions. The levels of gene expression were normalized to p-actin
in mouse cell lines and GAPDH in human cell lines.

Western Blotting—For Western Blotting, cells were washed twice with cold PBS, and
whole cell proteins were extracted in lysis buffer (40 mM Tris pH8.0, 150 mM NacCl, 1%
NP40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM sodium orthovanadate) containing
phosphatase inhibitor cocktail. The protein concentration was normalized using a protein
assay dye reagent. Samples were boiled at 95 °C for 5 minutes and loaded to SDS-PAGE.
After transferring, membranes were blocked with 5% milk in TBST buffer (0.1% Tween
20) for 1 hour. Primary antibodies were diluted and incubated at 4°C overnight. After
washing three times with TBST buffer, goat anti-rabbit or anti-mouse secondary antibody
and HRP conjugates were incubated with membranes for 1 hour. After washing three times,
membranes were covered with the Amersham™ ECL Select™ reagent and imaged by the
ChemiDocTM MP imaging system.

Quantification of Cytosolic DNA—Cultured cells (2x107) were digested to obtain
nuclear, cytosolic, and mitochondrial fractions using the mitochondrial isolation kit as
reported (Bakhoum et al., 2018). Mitochondria were removed by centrifugation at 17,0009
for 20 minutes to minimize their contamination in the cytosolic fraction. dsDNA in the
cytosolic fraction was quantified by real-time PCR with genomic DNA primers. For

the immunofluorescence microscope assay, cells were cultured in a 6-well plate with a
cover-glass. Twenty-four hours later, cells were washed twice with cold PBS and fixed
with cold methanol at —20°C for 10 minutes. After being washed three times with PBS,
cells were blocked with 1% BSA in PBS for 1 hour and stained with Pico488 dsDNA
quantification reagent for 1 hour. After being washed three times with PBS, the cover-glass
was mounted on white microscope slides using the ProlongTM Diamond Antifade Mountant
with DAPI and imaged on a Leica TCS SP8 confocal microscope. For the cytosolic DNA
quantification assay, cells in a 10-cm dish were washed two times with PBS and scraped.
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Half of the cells were lysed as whole cell extracts, and protein concentration was quantified
for normalization. The other half of the cells were centrifuged at 720 g for 5 minutes

and suspended in 500 pL hypotonic buffer (20 mM HEPEs pH7.4, 250 mM sucrose, 10
mM KCL, 10 mM KCI, 1.5 mM MgCI2, 1 mM EDTA, 1 mM EGTA, and 1 mM DTT,
phosphatase inhibitor cocktail) for 30 minutes on ice and then centrifuged again at 800g for
5 minutes. Supernatants were transferred into a new EP tube and centrifuged at 20,000 g
for 30 minutes. The supernatants were considered cytosolic fractionation, and 1 pl cytosolic
fractionation was diluted with 49 pl TE buffer and incubated with 50 ul Pico488 dsDNA
quantification reagent (1:200). The mixture was added into a costar white flat 96-well plate
and measured by the Picogreen dsDNA quantification fluorescence method using a Tecan
SPARK-multimode Microplate Reader.

In vitro cross-priming of T cells by BMDCs—Bone marrow cells were collected
from mouse tibias and femurs, and cultured in a 6-well plate with complete RPMI 1640
medium containing recombinant mouse FLT3L (200 ng/ml). Fresh medium with 200 ng/ml
FLT3L was added into the wells on day 3. On day 6, immature BMDCs were collected for
co-culturing directly with T cells, or were added into a 6-well plate harboring attached tumor
cells plated one day earlier. After overnight incubation, suspended BMDCs were collected
and positively isolated using a mouse CD11c positive selection kit. CD8* T cells were
isolated from lymph nodes and spleens of OT-I or CL4 mice with a CD8* T cell isolation
kit. Purified T cells were labelled with 2 uM CFSE by incubating at room temperature for
10 minutes and washing three times. BMDCs were cultured with CFSE-labelled T cells

at ratios of 1:2 and 1:20 in U-bottomed 96-well plates and incubated at 37°C with 5%
CO2. Two days later, the supernatant was collected for cytokine quantitation by Cytometric
Bead Array. T-cell proliferation was analyzed by FACS in terms of CFSE dilution. In some
experiments, 50 ul of supernatant from 2-day-cultured tumor cell lines were added into

a 200 pl co-culture system of BMDCs and purified OT-1 T cells (CFSE labelled) in the
presence of 100 ug/ml OVA protein. Three days later, T-cell proliferation was evaluated by
CFSE dilution.

Cytokines measurement—IFN-y and TNF-a in the supernatant were quantified using
a BD Cytometric Bead Array, according to the manufacturer’s protocol. After staining,
samples were run on a CytoFLEX flow cytometer and data were analyzed with CytExpert
or FlowJo software. IFN-B in the medium of 2-day cultured tumor cells was quantified by a
PBL mouse IFN-B ELISA Kit.

IFN-y Enzyme-Linked Immunosorbent Spot Assay—B16-OVA and B16-OVA-
MIh1!=, TC1-OTI and TC1-OTI-M/h1~~ cells were injected subcutaneously into the left
flanks of WT C57BL/6 mice at 2 x 10° cells per mouse. Seven days later, single cell
suspensions were prepared from tumor draining lymph nodes and spleens, then 1x10° cells
were re-stimulated with 10 ug/ml OT-I peptide or control SIY peptide. After culturing for
two days, ELISPOT assay was performed using the IFN-y ELISPOT kit, according to the
manufacturer’s instructions. Spots were calculated using an ImmunoSpot Analyzer.
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FACS detection of tumor-infiltrating T cells—4T1-M/h17~ and its derivative cells
were injected subcutaneously into Ragl (BALB/C) mice, 2 weeks later, tumors were
collected and cut into fragments of 2-5 mm in diameter. Tumor pieces were implanted
subcutaneously beneath the incision on the left flanks of WT BALB/C mice. Eleven days
later, tumors were collected and digested into single cell suspensions, which were incubated
with anti-CD16/32 (anti-FcyI11/11 receptor, clone 2.4G2) for 20 minutes to block nonspecific
binding and then stained with antibodies. The fixable viability dye eFluor 506 was used

to exclude dead cells. Data were collected on the CytoFLEX (Beckman Coulter Inc.) and
analyzed with the CytExpert (Beckman Coulter Inc.) or FlowJo (Tree Starinc., Ashland,
OR) software.

Human immune cells chimeric mice—The mice were developed as previously
described (Li et al., 2019). Briefly, four-week-old NSG-SGM3 female mice were irradiated
with 100 c¢Gy. One day later, human CD34* cells were purified from umbilical cord

blood (UT Southwestern Parkland Hospital) by density gradient centrifugation, followed
by positive immunomagnetic selection with anti-human CD34 microbeads. About 1 x

10° CD34" cells were intravenously injected into each recipient mouse. Eight weeks

after engraftment, humanized mice with over 50% human CD45* cells reconstitution

were inoculated with 1 x 106 HCT116 cells subcutaneously on the right flank. At day
7-10, ICB treatment (200 pug/mouse anti-CTLA4 ipilimumab and 200 pug/mouse anti-PDL1
atezolizumab) were injected every 3 days for a total of 3 times. Tumor volumes were
measured twice weekly.

Tumor growth and treatments—B16-OVA, 4T1, TC1, and their derivative cell lines,
were injected subcutaneously into the left flanks of WT C57BL/6 and BALB/c mice or

the indicated genetically engineered mice at 1 x 10° cells per mouse, unless otherwise
specified. Tumor size was measured twice weekly and calculated by the following formula:
Length x Width x Width / 2. For CD8* T cell depletion and IFNAR1 blocking experiments,
anti-CD8b mAb and anti-IFNAR1 mAb were injected intraperitoneally at 200 pg/mouse

on the day of inoculation and continued every 3 days for a total of 3 times. To transfer

CL4 or 2C T cells, inguinal lymph nodes and spleens were collected and processed to T
cell isolation using a mouse CD8* T cell isolation kit. Then 1 x 10° (CL4) or 2 x 104
(OT-1) purified T cells were injected intravenously into each mouse 10-14 days after tumor
inoculation. One to four days later, ICB treatment (200 ug/mouse anti-CTLA4 and 100 ug/
mouse anti-PDL1 atezolizumab) were injected intraperitoneally every 3 days for a total of
3-4 times. To transplant fragmented tumor tissue, 4T1-M/h1~/~ and its derivative cells were
injected subcutaneously into Ragl (BALB/C) mice, 2 weeks later, tumors were collected
and cut into fragments of 2-5 mm in diameter. Fragmented tumor tissues were implanted
subcutaneously beneath the incision on the left flanks of WT BALB/C mice, assuming the
initial tumor size was 30 mm3. Seven to eleven days later, ICB (200 ug/mouse anti-CTLA4
and 100 pg/mouse anti-PDL1) was administered every 3 days for a total of 3—4 times. All
experiments were performed in compliance with UTSW Human Investigation Committee
protocol and UTSW Institutional Animal Care and Use.
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NCT01876511 phase Il clinical trial—FFPE patient samples from a pan-tumor dMMR
cohort treated with pembrolizumab, an anti-PD-1 therapy, (Clinical Trials.gov number
NCT01876511) were obtained for gene expression studies. Standard RNASeq with rRNA
depletion was performed on RNA extracted from 7 samples that were annotated for

the tumor region. For gene expression normalization, FPKM values were calculated. To
account for variations in tumor purity between individual samples, FPKM values were
adjusted by tumor purity. The gene expression levels of cGAS and STING were compared
among responders (complete and partial responses) and non-responders (Stable Disease
and Progressive Disease) using RECIST v1.1 as well as their effects on overall survival.
MLH1 loss of expression was determined by immunohistochemistry. Responses and Overall
Survival according to CGAS, STING mRNA expression were studied within that MLH1
deficient patients. Gehan Wilcoxon Test was used to assess the significance of differences.
The protocol was approved by the institutional review board at each site. All patients
provided written informed consent before study entry.

Quantification and statistical analysis—Data are represented as means + SEM. The
method of statistical analysis was indicated in figure legend. Specifically, tumor volumes are
compared between two groups at the indicated time points using unpaired Student’s #tests.
The log rank test (Mantel-Cox) is used to assess the significance of differences of survival
time in TCGA data. All statistical tests are two-sided, except for Figure 2G, which was
one-sided and performed using R software. Gene set enrichment analysis was performed in
MSI-H versus MSS colorectal tumors from the TCGA database. To profile the genes that are
higher in MSI-H patients than in MSS patients, a one-sided Wilcoxon rank test was used to
compare gene expression at the mRNA level. Type I-1ISGs was defined as genes that were

5 times more strongly induced by type I IFN than by type Il IFN, as previously reported
(Der et al., 1998; Hartman et al., 2005; Indraccolo et al., 2007; Liu et al., 2012; Sanda et al.,
2006). A value of p < 0.05 was considered statistically significant (ns, no significance, *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlight:
. dMLH1 tumor cells accumulate cytosolic DNA and produce IFN-f

. Knockout of cGAS or STING in dMLH tumor cells renders resistance to
checkpoint blockade

. Downregulating cGAS-STING in human dMLH1 cancers impairs checkpoint
blockade therapy
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Figure 1. dMLH1 tumor cell-intrinsic STING pathway regulates tumor progression
(A) Different generations of 4T1 cells with dMLH1 were inoculated into WT BALB/C mice

(n=5). *P = F.18 between 4T1-MIh17~ D104 vs. 4T1; **P=0.0034 between 4T1-Min1"~
D172 vs. 4T1.
(B) Different generations of B16-OVA cells with dMLH1 were inoculated into WT C57BL/6
mice (n=4). *P = 0.0116 at end point between B16-OVA- M/h1~/~ D169 vs. B16-OVA.

(C) B16-OVA cells with dMLH1 (D170) were inoculated into WT and Sting™~ mice (n=5).
n.s, P = 0.5024 at end point between the two groups.
(D) B16-OVA cells with dMLH1 (D167), and double deficiency cells of Mih1 plus Sting
(D164 and D197) were inoculated into WT C57BL/6 mice (n=4). *P=0.0253 at end point
between B16-OVA-MIh1~~ D167 vs. B16-OVA-MIh1~-Sting™'~ D197.
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(E) 4T1 cells with dMLH1 (D166), and double deficiency cells of M/h1 plus Sting (D169)
were inoculated into WT BALB/C mice (n=5). ***P=0.0004 at end point between the two
groups.

(F) B16-OVA cells with dMLH1 (D170) were inoculated into WT and IFNAR1™~ mice
(n=5). ***P<0.0001 at indicated point between the two groups.

Data are represented as mean = SEM. Tumor size was measured twice weekly. Experiments
were repeated at least 2 times. Unpaired t test was used to determine significance.
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Figure 2. Type I IFN signal pathway is activated in dMLHZ1 tumor cells
(A) 1SGs expression at the mRNA level in cultured cells (n=3) was determined by gPCR.

Relative expression fold change of representative 1SG (/sg15) was shown. (also see Figure

S2A).

(B) Phosphorylation of STAT1 at Y701 was shown by WB.
(C) IFN-B was quantified by ELISA in the supernatant of indicated cell lines (n=3).

(D and E) /sg15and IFN-B were quantified by gPCR and ELISA, respectively, in Sting or
cGAS-deficient cells lines (n=3).
(F) /sg15and phosphorylation of STAT1 at Y701 were determined in H460 cells (n=3).
(G) The plot shows the ranked p values (-log10 scaled) estimated from Wilcoxon rank test
comparing gene expression levels in MSI-H versus MSS colorectal tumors from the TCGA
database. The test was one-sided, to test if genes in MSI-H are expressed at higher levels
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than in MSS tumors. Red vertical lines marked the type | IFN induced ISGs (see Table S1
for ISGs list and expression).

Data are represented as mean = SEM. Representative data of over 2 independent
experiments are shown. Unpaired t test was used to determine significance in A-F. Wilcoxon
rank sum test was used to determine significance in G.
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Figqre 3. MLH1 regulates accumulation of cytosolic DNA in tumor cells and tumor progression
N VIVO

(A) /Isg15expression and phosphorylation of STAT1 at Y701 were determined in MLH1-
rescued cells.

(B) IFN-B was quantified by ELISA in the supernatant of MLH1-rescued cells.

(C) dsDNA was determined by PicoGreen dsDNA quantitation assay, and extra-nuclear
dsDNA was counted. Statistical data are shown (also see Figure S3B).

(D) Cytosolic DNA was isolated by a commercial kit and quantified by gPCR with genomic
DNA specific primers.

(E-G) Cytosolic DNA was isolated and quantified in human cancer cell lines H460, SW620
and HCT116.

(H) 2x108 4T1-MIh1~ cells with either rescued MLH1 or control vector were inoculated
into WT BALB/C mice (n=5). Tumor size was measured twice weekly.

Data are represented as mean = SEM. Unpaired t test was used to determine significance.
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Figure 4. dMLH-mediated DNA sensing promotes T-cell priming independent of TMB
(A and B) BMDCs pre-educated with MC38-OVA and B16-OVA cells were co-cultured with

OT-1 T cells, then T-cell proliferation was determined. IFN-y and TNF-a were quantified.
Representative FACS histograms and statistic data are shown (also see Figures S4A and

S4B).

(C) Supernatants were added into co-culture system of BMDCs and OT-I T cells, then
T-cell proliferation was determined. Representative FACS histograms and statistical data are

shown.

(D) B16-OVA cells were inoculated into WT C57BL/6 mice (n=4). One week later, cells
from the spleen were isolated and re-stimulated by OT-1 peptide or control SIY peptide in
vitro. T-cell responses were determined by IFN-y ELISPOT assay.

(E and F) Fragmented tumor tissues derived from 4T1 cells with d M/A1 (D129), double
deficiency cells of M/h1 plus Sting (D136), and double deficiency cells of M/h1 plus

Cancer Cell. Author manuscript; available in PMC 2022 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Luetal.

Page 27

CcGAS (D144) were implanted into WT BALB/C mice (n=6-7). Eleven days later, tumor-
infiltrating T cells were detected by FACS.
Data are represented as mean = SEM. Unpaired t test was used to determine significance.
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Figure 5. dMLH1-mediated DNA sensing enhances ICB therapy
(A) Fragmented tumor tissues derived from 4T1-M/h1~/~ and 4T1-MIhI =+ MIh1 cells in

Ragl mice were implanted into WT mice (n=4-5), and treated with ICB drugs at day 11, 14
and 17. Tumor-bearing mice percentages are shown. (also see Figures S5A)
(B) Fragmented tumor tissues derived from 4T1-M/h1~ (D173) and 4T1-Mih1™~Sting '~
(D170) cells in Ragl mice were implanted into WT mice (n=6-8), and treated with ICB
drugs at day 7, 10, 13 and 16. *P=0.0156 between the two groups in 4T1-M/hZ”~ model; ns,
P=0.2467 between the two groups in 4T1-M/h17'~Sting™~ model.
(C) MC38-0OVA and MC38-OVA-dMLH1 cells were inoculated into Rag1/2C mice (n=9—
10), followed by OT-I T-cell transfer at day 10, then ICB treatment was administrated at day

11, 14 and 17.
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(D) 4T1-HA and 4T1-HA-dMLHZ1 cells were inoculated into F1 mice (n=5) of Rag2x
Rag2/OT-1 mice, followed by CL4 T-cell transfer at day 10 and ICB treatment at day 11, 14,
17 and 20. (also see Figure S5D).

Data are represented as mean = SEM. The log rank test (Mantel-Cox) was used to assess the
significance of differences in A. Unpaired t test was used to determine significance in B-D.
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Figure 6. impaired cGAS expression renders resistant to ICB therapy
(A) cGAS expression between MSS (n=321) and MSI-H (n=170) UCEC samples,

****n<0.0001 (see Table S2 for patient information).

(B) CD8* T cells in HCT116 tumor are detected by FACS (n=4-5).
(C) The growth curves of HCT116 and HCT116+cGAS cells-derived tumors (n=5-7) are

shown. *P=0.011 between the two groups in HCT116+cGAS model; ns, P=0.3140 between
the two groups in HCT116 model.
(D) Curves for disease-free survival are shown between the high and low expression of
CcGAS in UCEC samples with MSS (n=44) and MSI-H (n=24) (see Table S2 for patient

information).

Responders Non-responders

(E) Curves for overall survival are shown between the high and low expression of cGAS and
STING in pan-dMLH1 tumors (n=3-4).
(F) cGAS and STING expression levels are shown between responders and non-responders
treated with pembrolizumab.
Data are represented as mean = SEM. Unpaired t test was used to determine significant

differences in A-C. The log rank test (Mantel-Cox) for D. The gehan wilcoxon test for E.
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Page 31

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

InVivoMADb anti-mouse CD8 (Lyt 3.2) BioXcell Cat# BE0223
InVivoMADb anti-mouse PDL1 (10F.9G2) BioXcell Cat# BE0101
InVivoMADb anti-mouse CTLA4 (9D9) BioXcell Cat# BP0164
InVivo Plus anti-mouse IFNAR1 (MAR1-5A3) BioXcell Cat# BP0241
APC anti-mouse CD8a Antibody BioLegend Cat# 100712
PE anti-mouse CD3 Antibody BioLegend Cat# 100206
Anti-Fcglll/11 receptor (clone 2.4G2) BD Biosciences Cat# 553141
PE anti-mouse H-2Kb bound to SIINFEKL Antibody BD Biosciences Cat# 141604
STING (D2P2F) Rabbit mAb Cell Signaling Technology Cat# 13647S
cGAS (D3080) Rabbit mA Cell Signaling Technology Cat# 31659S
Purified Mouse Anti-Human MLH-1 BD Biosciences Cat# 550838
Phospho-Statl (Tyr701) (58D6) Rabbit mAb Cell signaling technology Cat# 9167
Alexa Fluor® 647 Annexin V Biolegend Cat# 640911
FITC anti-human CD8 Antibody Biolegend Cat# 344703
Brilliant Violet 421™ anti-human CD45 Antibody Biolegend Cat# 368521
Propidium lodide Solution Biolegend Cat# 421301
PerCP/Cyanine5.5 anti-human CD4 Antibody Biolegend Cat# 317427
APC/Cyanine7 anti-mouse CD45 Antibody Biolegend Cat# 103116
atezolizumab pharmacy N/A
ipilimumab pharmacy N/A

Tubulin Antibody (B-5-1-2)

Santa Cruz Biotechnology

Cat# sc-23948

Chemicals, Peptides, and Recombinant Proteins

Recombinant Mouse FLT3L BioLegend Cat# 576306
Ovalbumin Sigma- Aldrich Cat# A2512
OVA257-264 (SIINFEKL) Invivogen Cat# vac-sin
SIYRYYGL (SIY) peptide Sigma- Aldrich N/A

Critical Commercial Assays

CFSE Cell Division Tracker Kit BioLegend Cat# 423801

Mouse IFN Beta ELISA Kit

PBL Assay Science

Cat# 42410-2

BD Cytometric Bead Array (CBA) Mouse Inflammation Kit | BD Biosciences Cat# 552364
BD Mouse IFN-g ELISPOT Sets BD Biosciences Cat# 551083
SsoAdvanced Uni SYBR Grn Supmix Bio-Rad Cat# 1725272
EasySep™ Mouse CD11c Positive Selection Kit I1 STEMCELL Cat# 18780
EasySep Mouse CD8+ T Cell Isolation Kit STEMCELL Cat# 19853
Pico488 dsDNA quantification reagent Lumiprobe life science solutions Cat# 42010
ProlongTM Diamond Antifade Mountant with DAPI Thermo Fisher Scientific Cat# 36962
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Page 32

REAGENT or RESOURCE SOURCE IDENTIFIER
Cell Counting Kit-8 Fisher Cat# 50-190-5565
Experimental Models: Cell Lines

4T1 ATCC Cat# HTB-177™
4T1-HA THIS PAPER N/A

B16-OVA THIS PAPER N/A

TC-1 ATCC Cat# CRL-2785™
TC1-OTI this manuscript N/A

MC38-OVA THIS PAPER N/A

H460 ATCC Cat# HTB-177™
SW620 ATCC Cat# CCL-227™
MCF7 ATCC Cat# HTB-22™
HCT116 ATCC ATCC® CCL-247™
4T1-Mih1"- this manuscript N/A
B16-OVA-MIh1"~ this manuscript N/A
MC38-OVA-Mih1 = this manuscript N/A

TC1-MIh1 - this manuscript N/A
AT1-MIp1"=-Sting™~ this manuscript N/A
AT1-MIn1--cGAS - this manuscript N/A
B16-OVA-Mih1=-Sting™'~ this manuscript N/A
SW620-MLHI- this manuscript N/A
H460-MLH1"- this manuscript N/A
MCF7-MLHI '~ this manuscript N/A

4T1-HA this manuscript N/A
HCT116+cGAS this manuscript N/A
HCT116+MLH1 this manuscript N/A
AT1-MIhI=+ MLHI-mRFP this manuscript N/A

TC1-MIh1 =+ MLH1 this manuscript N/A
AT1-MInI=-HA this manuscript N/A
4T1-MIn1"-+mRFP this manuscript N/A
Experimental Models: Organisms/Strains

BALBI/c UTSW breeding Core N/A

C57BL/6 UTSW breeding Core N/A
C.129S7(B6)-Ragltm1Mom/J Jackson Laboratory Cat# 003145
B6(Cg)-Ifnarltm1.2Ees/J Jackson Laboratory Cat# 028256
B6(Cg)-Tmem173tm1.2Camb/J Jackson Laboratory Cat# 025805
B6.129S(C)-Batf3tm1Kmm/J Jackson Laboratory Cat# 013755
C.129S-Batf3tm1Kmm/J Jackson Laboratory Cat# 013756
C57BL/6-Tg(TcraTcrb)1100Mjb/J Jackson Laboratory Cat# 003831
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REAGENT or RESOURCE SOURCE IDENTIFIER

B6.129P2(SJL)-Myd88tm1.1Defr/J Jackson Laboratory Cat# 009088

B6.129S6-Rag2tm1Fwa Tg(TcraTcrb)1100Mjb Jackson Laboratory Cat# 2334

B6.129S6-Rag2tm1Fwa Tg(TcraTcrb)1100Mjb Taconic Farms Cat# 2334

C.129S6(B6)-Rag2tm1Fwa N12 Taconic Farms Cat# 601

Clone4-Tg a gift from David Farrar n/a

Oligonucleotides

Actb (cytosolic DNA in mouse cells) Forward CCAGGTAAGTGACCTGTTAC N/A
Reverse GGGGTACTTCAGGGTCAGGA

Gapdh (cytosolic DNA in mouse cells) Forward CAACTGCTTAGCCCCCCTGG N/A
Reverse GCAGGGTAAGATAAGAAATG

Actb (QPCR in mouse cells) Forward AGATCAAGATCATTGCTCCTCCT N/A
Reverse ACGCAGCTCAGTAACAGTCC

Mx2 (qPCR in mouse cells) Forward ACCAGGCTCCGAAAAGAGTTC N/A
Reverse AGCTCGTACAATTTCAGTGACC

1sg15 (gPCR in mouse cells) Forward GAGCTAGAGCCTGCAGCAAT N/A
Reverse TCACGGACACCAGGAAATCG

Irf7 (qPCR in mouse cells) Forward TTGGGCAAGACTTGTCAGCA N/A
Reverse ATACCCATGGCTCCAGCTTC

PdI1 (gPCR in mouse cells) Forward TGATCATCCCAGAACTGCCTG N/A
Reverse AGAAGAGGAGGACCGTGGAC

Mih1 (gRNA-1 for mouse gene) Forward CACCGCAACCAGGGCACCCTGATCA | N/A
Reverse AAACTGATCAGGGTGCCCTGGTTGC

MIh1 (gRNA-2 for mouse gene) Forward CACCGCTAATTCAGATCCAAGACAA N/A
Reverse AAACTTGTCTTGGATCTGAATTAGC

Sting (gRNA for mouse gene) Forward CACCGTGCCCAGGGCGTCTCCTTG N/A
Reverse AAACCAAGGAGACGCCCTGGGCAC

cGAS (gRNA for mouse gene) Forward CACCGCGCAAAGGGGGGCTCGATCG | N/A
Reverse AAACCGATCGAGCCCCCCTTTGCGC

MLH1 (gRNA for human gene) Forward CACCGTGATAGCATTAGCTGGCCGC N/A
Reverse AAACCGCGGCCAGCTAATGCTATCAC

ACTB (cytosolic DNA in human cells) Forward TACAATGAGCTGCGTGTGGC N/A
Reverse GCGGCCACCAGAAGAGGTAG

GAPDH (cytosolic DNA in human cells) Forward AGCCACATCGCTCAGACAC N/A
Reverse GCCCAATACGACCAAATCC

GAPDH (gPCR in human cells) Forward AGCCACATCGCTCAGACAC N/A
Reverse GCCCAATACGACCAAATCC

1SG15 (gPCR in human cells) Forward GCGAACTCATCTTTGCCAGTA N/A
Reverse CCAGCATCTTCACCGTCAG

MX1 (gPCR in human cells) Forward TTCAGCACCTGATGGCCTA N/A
Reverse AAAGGGATGTGGCTGGAGAT

Recombinant DNA

MIh1 (NM_026810) Mouse Tagged ORF Clone Origene Cat# MR210511

human cGAS cDNA THIS PAPER N/A

human MLH1 cDNA THIS PAPER N/A

Software and Algorithms

GraphPad Prism 8

GraphPad Software, Inc.

https://
www.graphpad.co
m/scientific-
software/prism/
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REAGENT or RESOURCE SOURCE IDENTIFIER
Image Lab Software Bio-Rad https://www.bio-

rad.com/en-us/
product/image-lab-
software?
ID=KRE6P5E8Z

CytExpert 2.3

Beckman Coulter, Inc

https://
www.beckman.co
m/flow-cytometry/
instruments/
cytoflex/software

FlowJo Tree Star Inc. https://
www.flowjo.com/
solutions/flowjo/
downloads

Other

TRIZOL REAGENT Thermo-Invitrogen Cat# 15596018

ProtoScript® Il Reverse Transcriptase NEB Cat# M0368L

Dulbecco’s Modified Eagle’s Medium Sigma- Aldrich Cat# D6429
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