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Abstract

Immune checkpoint inhibitors (ICl) have revolutionized cancer immunotherapy. In
particular, patients with mismatch repair-deficient (dIMMR) colorectal cancer (CRC)
exhibit better responsiveness to ICI therapy than patients with MMR-proficient (PMMR)
CRC (Le et al., 2017, 2015; Mandal et al., 2019). To be clinically effective, ICl need
immunologically “hot” niches in the tumor microenvironment (TME) that provide the
initial cues for tumor antigen presentation and lymphocyte recruitment. These niches
are typically shaped by the mutational landscape of cancer cells. However, how tumor
cell-intrinsic mechanisms couple to antitumor immunity remains poorly defined.
Studies suggested that the therapy-responsive fraction of tumor mutational burden
(TMB)-high tumors is due to an enrichment of neoantigens in the tumor tissue, which
arise from the dMMR-driven hypermutator phenotype (Germano et al., 2017).
However, the prevalence of mutation-generated immunogenic neoantigens is
insufficient to recruit the necessary immune cells into the TME that mediate the
antitumor immune response (Spranger et al., 2016), suggesting that additional
mechanisms govern ICl sensitivity. By using human and murine CRC models, we
found that the superior antitumor immune response of dMMR tumors is mediated by
tumor cell-intrinsic cGAS-STING activation, which is triggered by aberrant cytosolic
DNA. Furthermore, tumor cell-intrinsic STING activation controls the immunogenicity
of dAMMR CRC by promoting inflammatory cues that are indispensable for recruiting
cytotoxic CD8+ T cells and unleashing their tumoricidal activity in vivo. Based on this
observation, we subsequently equipped pMMR human and murine tumor cells with a
constitutively active STINGN'53S variant. Even in the absence of a genomic instability-
driven ligand, the expression of constitutively active STINGN'33S jn pMMR tumor cells
was sufficient to induce tumor cell-intrinsic interferon signaling, enhance antitumor
immune responses, and create “hot” TMEs, which sensitized the previously ICI-
resistant “cold” tumors to ICI therapy. Beyond CRC, we show that the expression of
STINGN'538 glso enhances the ICI therapy responsiveness in melanoma. Thus, our
findings propose a novel strategy to sensitize resistant tumors to ICI therapy by
modulating tumor cell-intrinsic signals through synthetic STING enforcement.



Zusammenfassung

Immun-Checkpoint-Inhibitoren (ICl) haben die Krebs-Immuntherapie revolutioniert.
Vor allem Patienten mit Mismatch-Reparatur-defizientem (dMMR) Kolorektalkrebs
(KRK) sprechen deutlich besser auf die IClI Therapie an als Patienten mit MMR-
kompetentem (pMMR) KRK (Le et al., 2017, 2015; Mandal et al., 2019). Fur die
klinische Wirksamkeit von ICI ist das Vorhandensein von immunologisch ,hei3en”
Nischen in der Tumormikroumgebung (TMU), welche die initialen Signale fur die
Tumorantigenprasentation und die Lymphozyten-Rekrutierung enthalten, notwendig.
Dabei werden diese Nischen mal3geblich durch die Mutationslandschaft der Tumore
geschaffen. Nach wie vor ist jedoch unklar, wie diese Tumorzell-intrinsischen
Mechanismen mit der Antitumor-Immunitat zusammenhangen. Aus Studien geht
hervor, dass die Anreicherung von Neoantigenen im Tumorgewebe, welche durch den
dMMR-getriebenen Hypermutatorphanotyp entstehen, flir das Therapieansprechen
der Tumore mit hoher Tumormutationslast (TMB) verantwortlich sind (Germano et al.,
2017). Das Vorhandensein von immunogenen Neoantigenen, welche durch
Mutationen hervorgerufenen werden, ist jedoch nicht ausreichend, um die
notwendigen Immunzellen, welche die Antitumor-Immunantwort ausuben, in die TMU
zu rekrutieren (Spranger et al., 2016). Dies impliziert, dass weitere Mechanismen die
ICI Sensitivitat bestimmen. Anhand humaner und muriner KRK-Modelle konnten wir
zeigen, dass die bessere Antitumor-Immunantwort von dMMR KRK durch eine
Tumorzell-intrinsische Aktivierung des cGAS-STING Signalweges entsteht. Dieser
Signalweg wird durch aberrante zytosolische DNA augeldst. Des Weiteren kontrolliert
die Tumorzell-intrinsische STING Aktivierung die Immunogenitat von dMMR KRK in
vivo durch die Steigerung von inflammatorischen Signalen, welche flir die Rekrutierung
von zytotoxischen CD8+ T Zellen und die Auslésung deren Antitumor-Aktivitat
unverzichtbar sind. Basierend auf diesen Beobachtungen haben wir in einem nachsten
Schritt humane und murine pMMR Tumorzellen mit einer konstitutiv-aktiven
STINGN'53S.Variante ausgestattet. Die Expression von konstitutiv-aktivem STINGN153S
in pMMR Tumoren war ausreichend, um Tumorzell-intrinsische Interferonsignale
auszulosen, die Antitumor-Immunantwort zu verstarken und eine immunologisch
,heike“ TMU zu generieren, was dazu flhrte, dass die bisher ICl-resistenten ,kalten®
Tumore fir die ICI Therapie empfindlicher wurden. Uber den KRK hinaus zeigen wir,

dass die Expression von STINGN'93S guch das ICI Therapieansprechen im Melanom
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verbessert. Damit stellen unsere Resultate eine neue Strategie fur die Modulation von
Krebszell-intrinsischen Programmen durch synthetische STING-Signalverstarkung

dar, um bisher resistente Tumore auf ICl ansprechbar zu machen.



Glossary
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Aneuploidy
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Bioavailability
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western blot
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1 Introduction

1.1 Immune checkpoint inhibitor (ICl) therapy

1.1.1 Immune checkpoints

To be properly activated, naive T cells require three stimulatory signals from antigen-
presenting cells (APCs). Namely, the interaction of the T cell receptor (TCR) with an
antigen presented on the major histocompatibility complex (MHC), co-stimulatory
signals that come from interactions of the B7 proteins CD80/CD86 on APCs with the
co-receptor protein CD28 on T cells, and inflammatory cytokines which guide
differentiation and effector capacities (Arasanz et al., 2017). T cell activation is
accompanied by the upregulation of inhibitory receptors such as programmed cell
death protein 1 (PD-1) and cytotoxic T lymphocyte associated protein 4 (CTLA-4) to
balance the immune response. These so-called immune checkpoints are members of
immunoglobulin-related receptors expressed on immune cells such as T cells to
regulate T cell functionality (Greenwald et al., 2005; Sharpe and Pauken, 2018). PD-1
signaling is triggered upon binding to its ligands, programmed death ligand 1 (PD-L1)
or PD-L2, which are expressed on tumor, stromal, and myeloid cells and inhibit T cell
activity by reducing effector functions (cytotoxicity and cytokine production) and
diminishing the responsiveness towards further stimuli (Patsoukis et al., 2020).
CTLA-4 executes its inhibitory function by disrupting the T cell stimulatory CD28-
CD80/CD86 signal since it binds to CD80/CD86 with higher affinity than CD28
(Rowshanravan et al.,, 2018). Furthermore, it is suggested that CTLA-4 controls
CD80/CD86 availability by physically capturing and removing these proteins from

APCs, a process known as trans-endocytosis (Qureshi et al., 2011).

Physiologically, these mechanisms are critical to promote immune tolerance and
thereby prevent autoimmune disorders. Perturbations of these regulatory “checkpoint”
pathways profoundly affect host immunity. For example, whereas malfunctioning of the
PD-1 pathway predisposes mice to autoimmune disorders (Nishimura et al., 1999),
sustained expression of PD-1 at high levels is commonly observed during chronic
infections and cancer (Sharpe and Pauken, 2018). In cancer particularly, the activation
of the PD-1 pathway leads to tumor immunosuppression by inhibiting T cell effector
functions, promoting T cell exhaustion, and conferring peripheral immune tolerance

(Pauken and Wherry, 2015). Based on the observation that tumors hijack the inhibitory
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capacities of immune checkpoint signals to shut down T cell responses, the concept
of inhibiting these immune checkpoint signals with blocking antibodies was soon

translated to the clinics and enjoyed great success (Robert, 2020).

1.1.2 ICI therapy in cancer

With the era of immunotherapeutic approaches, therapies targeting immune
checkpoints have revolutionized cancer immunotherapy (Chen and Han, 2015; Robert,
2020). In 2011, the United States Food and Drug Administration (FDA) approved the
first immune checkpoint inhibitor (ICl) therapy using CTLA-4-blocking antibodies
(ipilimumab) for melanoma (Hodi et al., 2010; Hoos et al., 2010; Wolchok et al., 2013).
Soon after that, antibodies targeting PD-1 (pembrolizumab and nivolumab) (Herbst et
al., 2016; Overman et al., 2017; Robert et al., 2015a, 2015b) and PD-L1 (atezolizumab
and durvalumab) (Herbst et al., 2020; Horn et al., 2018; Mathieu et al., 2021; Ning et
al., 2017; Paz-Ares et al., 2019) were also authorized for use in cancer patients.
However, response rates substantially vary between the individual checkpoint classes.
Whereas the clinical success of CTLA-4 inhibition as monotherapy is limited to
metastatic melanoma, where its inhibition achieves a response rate of 20% (Hodi et
al., 2010), targeting the PD-1/PD-L1 axis showed clinical activity in nearly 20 different
cancers (Zhao et al., 2020; P. Zhao et al., 2019). More specifically, response rates vary
from 10-30% in solid tumors such as liver, bladder, and kidney cancers to 40-50% in
melanoma, microsatellite instability-high (MSI-H)/mismatch repair-deficient (dIMMR)
cancers (e.g., colorectal cancer (CRC)), and PD-L1-high non-small-cell lung cancers
(NSCLCs), and even up to 65-75% in Hodgkin lymphoma (Zhao et al., 2020; P. Zhao
et al., 2019). Combining these ICI therapies increased responsiveness and displayed
synergistic potential in some cancer settings. For example, adding anti-CTLA-4 to the
anti-PD-1 treatment regimen increased the response rate in metastatic melanoma from
43% (nivolumab alone) to 59% (Larkin et al., 2019) and in renal cell carcinoma (RCC)
from ca. 25% (nivolumab alone) to 40% (Motzer et al.,, 2018). Moreover, this
combination is also approved for patients with hepatocellular carcinoma and NSCLC
(Wong et al., 2021). With the aim to refine the therapeutic regimen and improve therapy
success, the development of immuno-oncology drug pipelines is massively expanding,

which is represented by more than 3,000 active clinical trials (2/3 of all immuno-
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oncology trials) that are testing T cell-targeting immunomodulators as mono- or

combination therapy (Xin Yu et al., 2019).

1.1.3 Biomarkers for ICI therapy

Currently, some potentially predictive markers inform the stratification of patients that
might be susceptible to ICI therapy, such as the presence and activation status of
effector T cells (immunoscore), PD-L1 expression levels (Meng et al., 2015) and
genetically driven factors such as tumor mutational burden (TMB) and MMR status (Le
etal., 2017; Lyu et al., 2018). The immunoscore is a measure of the presence of CD3+
and CD8+ T cells in the tumor (Blank et al., 2016; Pageés et al., 2018). Interestingly,
MSI-H/dMMR CRC patients with tumors with higher numbers of tumor-infiltrating
lymphocytes (TILs) had better survival outcomes than patients with tumors with lower
TIL numbers (Prall et al., 2004). Also, the baseline level of intratumoral TILs was linked
to better therapy responsiveness in MSI-dMMR CRC (Le et al., 2015). This is in line
with the clinical manifestation that immunologically active “hot” tumors, which are
considered immune-inflamed, are associated with better ICI therapy responsiveness
(Galon and Bruni, 2019; Liu and Sun, 2021). Moreover, TILs also demonstrated clinical
relevance in MSS CRC patients, which suggests that intratumoral TILs might indicate
CRC prognosis beyond the MSI status (Pages et al., 2018).

The expression of PD-L1 appears to be an obvious marker since it is the ligand for
PD-1. In NSCLC patients, for example, PD-L1 expression serves as a diagnostic
parameter (Gibney et al., 2016; Topalian et al., 2016). However, clinical survival data
in other cancer entities did not show significant relationships (Droeser et al., 2013;
Mlecnik et al., 2011; Yarchoan et al., 2019; Yu et al., 2019). Particularly in CRC, the
potential as a global predictor is limited since no trend between PD-L1 expression and
drug efficacy was observed in MMR-proficient (PMMR) CRC (Le et al., 2015; Overman
et al., 2017). Moreover, an analysis of a selected subgroup of PD-L1-high MSI-
H/dMMR tumors did not predict better survival outcomes in patients with PD-L1-high
tumors (Le et al., 2015; Overman et al., 2017).

The level of TMB (ratio of non-synonymous somatic mutations per megabase) has

been observed to correlate with ICI responsiveness in melanoma, NSCLC, and CRC
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(Le et al., 2015; Ready et al., 2019; Snyder et al., 2014). Tumors with high TMB, driven
by genomic instability, which can be caused by endogenous defects in DNA
homeostasis (e.g., MMR defects) or exogenous insults (e.g., smoking), are suggested
to produce novel tumor-specific antigens, called neoantigens (Schumacher et al.,
2019), and thereby enhance the ICI therapy responsiveness (Germano et al., 2017).
Although a meta-analysis of 27 cancer types showed that the response rates generally
correlated with TMB (Yarchoan et al., 2017), there are some clinical studies (Hanna et
al., 2018; Miao et al., 2018; Riaz et al., 2017) in which TMB alone was not able to
clearly distinguish responders from non-responders which indicates that additional

mechanisms contribute to ICI therapy responsiveness.

1.2 Colorectal cancer (CRC)

1.2.1 CRC risk factors

CRC is the second most common cause of death from cancer (Safiri et al., 2019; Siegel
et al., 2020). CRC develops as a multistep process whereby a series of genetic and
environmental triggers disturb the homeostatic cellular balance by deregulating
processes involved in genome integrity, cell cycle, and apoptosis, which collectively
allow cancerous cells to survive, proliferate and disseminate (Hanahan and Weinberg,
2011, 2000). Through the initiation of oncogenic signals, the sustained promotion of
neoplastic transformations gives rise to cancerous progression and cancer cell
outgrowth. The cause for developing CRC comprises risk factors that can be of
environmental origin, such as dietary habits, lifestyle, and the microbiome, or due to
genetic alterations such as deficiencies in the MMR machinery or facilitated by the
genetic predisposition to diseases such as inflammatory bowel disease (IBD) (Marmol
et al., 2017; Sawicki et al., 2021). Genetically, CRC can be classified as sporadic (70%
of CRC), familial (25% of CRC), or inherited (5% of CRC). Being the majority of CRC
cases, sporadic cancerous conditions develop due to somatic mutations without
evidence of inheritance, family history of CRC, or IBD. Familial CRC is considered to
be caused by inherited mutations. Although patients with familial CRC have a family
history of CRC, there is an absence of genetic variants that are associated with
hereditary syndromes. Inherited CRC is evoked by germline mutations that have a high
penetrance. The two most common forms of inherited CRC are the autosomal

dominant hereditary nonpolyposis colorectal cancer (HNPCC) with mutations in MMR
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genes (e.g., MLH1, MSH2, MSH6, PMS1, PMS2), clinically described as Lynch
syndrome, and the autosomal dominant familial adenomatous polyposis (FAP) which
arises from defects in the DNA replication and cell division regulating oncogene

adenomatous polyposis coli (APC) (Marmol et al., 2017; Sawicki et al., 2021).

1.2.2 Molecular pathways of CRC development

Genetic instability is a critical feature underlying CRC. From a pathological point of
view, there are three key mechanisms: chromosomal instability (CIN), CpG island
methylator phenotype (CIMP), and microsatellite instability (MSI) (Alzahrani et al.,
2021; Marmol et al., 2017). With 70-85% of CRC cases, CIN is the most frequent
malignant driver, whereby imbalances in the number of chromosomes lead to loss of
heterozygosity and aneuploidy (Grady and Carethers, 2008; Pino and Chung, 2010).
These genetic alterations deregulate tumor suppressor genes (e.g., APC, TP53) and
oncogenes (e.g., KRAS, PI3K), which are critically involved in the tightly controlled
maintenance of cellular functions. For example, inactivation of the oncogene APC
promotes B-catenin-driven cell division, hyperactivation of KRAS and PI3K promotes
MAP kinase-dependent cell proliferation, and TP53 loss of function causes
uncontrolled cell cycle entry, ultimately promoting tumorigenesis (Grady and
Carethers, 2008; Pino and Chung, 2010). In the context of CIMP, which is
characterized by epigenetic instability, promoter hypermethylation leads to gene
silencing and loss of protein expression of tumor suppressors (Lao and Grady, 2011).
Finally, MSI develops as a consequence of impaired DNA repair mechanisms (e.g.,
MLH1 deficiency) (Boland and Goel, 2010). Microsatellites are replication error-prone
short DNA tandem repeats (1-6 base pairs (bp)) in coding or non-coding regions
throughout the genome. If errors in the microsatellite DNA regions are left unrepaired,
mutations accumulate continuously. Consequently, tumors may develop when these
mutations hit protein-coding regions or when reading frames of oncogenes or tumor

suppressor genes are altered (Boland and Goel, 2010).

1.2.3 Conventional and targeted therapies for CRC

To define the optimal choice of treatment for CRC patients, tumor-related
characteristics and patient-related factors are considered (Marmol et al., 2017).
Generally, surgery and chemotherapy are the first-line treatment options for CRC
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patients. In the case of unresectable tumors, radiotherapy and mono- or multi-agent
chemotherapy are the leading strategies. Although chemotherapy has evolved as the
backbone of CRC treatment, limitations such as systemic toxicity or acquired
resistance dampen its therapeutic success. In particular, resistance to methylating
(e.g., temozolomide (TMZ)), alkylating (e.g., busulfan), or platinum-based (e.g.,
cisplatin) chemotherapeutics were observed in dMMR tumor cells (Alex et al., 2017;
Fink et al., 1998). Interestingly, the use of these genotoxic agents can even lead to
MMR inactivation in human cancer and thereby drive therapeutic resistance (Bardelli
et al., 2001; Li, 2008).

The development of targeted therapies and immunotherapeutic approaches has
substantially prolonged patient survival (Xie et al., 2020). Numerous agents are
designed to aim at intracellular targets (e.g., with small molecules) or at extracellular
targets (e.g., with antibodies) to counteract tumor growth and enhance immune
surveillance. Small molecules can enter tumor cells and inactivate enzymes with roles
in proliferation, differentiation, and migration (e.g., Wnt/B-catenin, NOTCH, PI3K/AKT),
eventually triggering apoptosis (Xie et al., 2020). Monoclonal antibodies (e.g.,
cetuximab, bevacizumab) against targets on the surface can bind receptors (e.g.,
EGFR) or membrane-bound complexes (e.g., VEGF-A) on tumor cells to slow down
tumor growth (Xie et al., 2020). Moreover, targeting inhibitory receptors on immune
cells (e.g., PD-1) restores antitumor immune responses and thus holds promising
potential for CRC, especially for dMMR CRC (Le et al., 2015).

1.2.4 ICl therapy in CRC

Clinically, 5-10% of CRC are dMMR (Marmol et al., 2017). These tumors usually
respond poorly to standard chemotherapy regimens (Alatise et al., 2021; Alex et al.,
2017; Cercek et al., 2020). In 2017, pembrolizumab (anti-PD-1) was first in line to be
approved by the FDA for the treatment of metastatic CRC due to its good efficacy in
dMMR CRC. Interestingly, this was the first time that FDA approval was given for a
molecular feature (MSI-H/dMMR) and not a tumor entity (Lemery et al., 2017),
considering the therapy success also in non-CRC MSI-H/dMMR tumor patients. The
study (KEYNOTE-016) reported a response rate of 40-50% with progression-free
survival (PFS) of 78% (at 20 weeks) in dMMR patients, whereas pMMR patients did

19



not respond (Le et al., 2017, 2015). This finding was confirmed by an independent
study using pembrolizumab in MSI-H CRC (O’Neil et al., 2017). In another study
(KEYNOTE-164), pembrolizumab achieved an objective response rate of 33% as
second-line treatment in MSI-H metastatic CRC (Le et al., 2020, 2018). The second
PD-1-blocking antibody, nivolumab, also gained FDA approval for dMMR and MSI-H
metastatic CRC in 2017 in light of the CheckMate-142 trial, which reported a response
rate of ca. 31% and PFS of ca. 50% (at 12 months), regardless of PD-L1 expression
levels (Overman et al., 2017). Further studies reported superior clinical activity of
combining ipilimumab with nivolumab compared to single-agent treatment (Lenz et al.,
2018; Morse et al., 2019; Overman et al., 2018). In 2018, the doublet regimen,
including nivolumab and ipilimumab, gained FDA approval for patients with metastatic
dMMR/MSI-H CRC (Sahin et al., 2019). Furthermore, a recent phase 2 study testing
dostarlimab (anti-PD-1 monoclonal antibody) as neoadjuvant treatment in dMMR stage
Il or 11l rectal adenocarcinoma showed that all patients (12 out of 12) who received the
nine cycles of dostarlimab had a clinical complete response (Cercek et al., 2022). How
long this effect will last and whether these patients will remain in complete remission
is to be observed. Notably, another study with single anti-PD-1 treatment in metastatic
dMMR tumors showed that the durability of the objective response in responsive
patients exceeded 75% after 30 months (Marabelle et al., 2020). Taken together,
immunotherapy with immune checkpoint-blocking antibodies displays outstanding
clinical efficacy for CRC patients with defects in the MMR pathway, holding great

promise for being a curative treatment.

1.3 Mismatch repair (MMR)

1.3.1 DNA damage and repair

In mammalian cells, DNA has evolved to be physiologically restricted to mitochondria
and the nucleus, where it serves as a genetic blueprint for a living organism. While
mutagenesis is essential for evolution and species fitness, preserving the genomic
sequence information is integral for a prosperous organism. DNA is continuously
exposed to harmful agents from various sources. Environmentally, physical factors
(e.g., asbestos), radiation (e.g., UV, ionizing radiation), and chemical triggers (e.g.,
crosslinking and alkylating agents, dietary and therapeutic compounds) cause DNA

damage by aberrantly modifying the DNA constituents (e.g., base oxidation, base
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methylation, single-strand/double-strand breaks) (Chatterjee and Walker, 2017).
Endogenously, DNA damage occurs during normal DNA metabolism and processing
reactions such as DNA replication, recombination, and repair (Chatterjee and Walker,
2017). Since genetic instability can cause cellular dysfunction, ultimately leading to
disease (e.g., cancer), cells are equipped with sophisticated systems such as DNA
repair mechanisms that collectively function to robustly counteract the consequences

of deleterious damages to the DNA and maintain genome integrity.

DNA damage repair is a spatiotemporally regulated multistep process that includes
lesion-specific sensor proteins that allow the recognition of errors and damages,
followed by the sequentially coordinated recruitment of factors that together build the
DNA damage repair complex (Chatterjee and Walker, 2017). Due to the variable nature
of damages inflicted on DNA, mammalian cells have evolved distinct repair
mechanisms to respond accordingly. In principle, DNA damage repair functionally
comprises the repair of DNA breaks (single-strand, double-strand, telomeres), the
repair of base DNA damages, and the repair of multiple and bulky base damages
(Chatterjee and Walker, 2017). The importance of DNA damage repair (DDR) is
reflected by the fact that mutations in the DDR network cause numerous cancer

predisposition syndromes (Li et al., 2021).

1.3.2 The MMR pathway

In eukaryotes, DNA replication is mainly carried out by the DNA polymerases (Pol)
Pold and Pole (Hsieh and Zhang, 2017). These high-fidelity DNA polymerases yield a
very low spontaneous mutation rate (10-°© mutations per bp per generation). Although
being equipped with a 3 -endonuclease activity that fulfills proofreading functions,
wrongly incorporated nucleotides may escape the proofreading, resulting in roughly
one insertion error in every 10%-10° nucleotide incorporations (Hsieh and Zhang, 2017).
The postreplicative MMR mechanism corrects replication errors on the newly
synthesized strand, which, if left unrepaired, could contribute to the spontaneous
generation of somatic and germline mutations and ultimately predispose to diseases
such as cancer (Li, 2008). Although proteins of the MMR machinery also affect mitotic
and meiotic recombination, DNA damage signaling, apoptosis, and cell-type-specific

processes such as triplet-repeat expansion, somatic hypermutation, and class-switch
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recombination, the main job of the DNA MMR system is to correct base-base
mispairings and insertion-deletion loops (indels) (Jiricny, 2006). Base-base
mismatches are errors in the DNA sequence produced by DNA polymerases. Indels
are heteroduplex DNA molecules with extrahelical partnerless nucleotides, which form
during DNA synthesis when primer and template strands occasionally dissociate and

incorrectly re-anneal (Jiricny, 2006).

The DNA mismatch repair system is evolutionarily highly conserved among various
organisms, ranging from bacteria to humans (Jiricny, 2013). The MMR pathway has
been studied biochemically and genetically most extensively in Escherichia coli
(E.coli), which serves as a prototypical model for understanding the MMR pathways in
mammalian cells. In humans, eight genes encode the E. coli MutS homologs (hMSH2,
hMSH3, hMSH5, and hMSH6) and MutL homologs (hMLH1, hPMS1 (also called
hMLHZ2), hMLH3, hPMS2 (also called hMLH4)). These MMR components function as
heterodimers whereby different dimer combinations fulfill distinct tasks (Jiricny, 2006;
Li, 2008; Pec¢ina-Slaus et al., 2020). Within the MutS homologs, MSH2 builds dimers
with MSH3 and MSH6. MSH2-MSH6 (also referred to as MutSa) is the most abundant
mismatch-binding factor. It recognizes base mismatches and mono- or dinucleotide
indels, whereas MSH2-MSH3 (also referred to as MutSB) recognizes large indels
(roughly 13 nucleotides). Within the MutL homologs, MLH1 forms distinct heterodimers
with PMS2, MLH2 (PMS1) and MLH3. Whereas the role of MLH1-PMS1 (also referred
to as MutLp) is still ill-defined, the MLH1-PMS2 (also referred to as MutLa) is recruited
to the MMR complex following mismatch detection by MutSa. MLH1-MLH3 (also
referred to as MutLy) compensates when MutLa is lacking but has a more dominant
role in meiosis. Beyond the MutS and MutL mismatch repair proteins, the MMR
complex involves further components such as the exonuclease 1 (EXO1), single-
strand DNA-binding protein replication protein A (RPA), replication factor C (RFC),
proliferating cell nuclear antigen (PCNA), DNA polymerase Pold, and DNA ligase |
(LIG1) which are essential in the repair process (Li, 2008).
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Fig. 1. The MMR pathway.
(A) MutS recognizes the mismatch, and (B) recruits MutL, which incises the erroneous DNA strand in
the presence of PCNA. (C) Recruited EXO1 then excises the erroneous DNA strand. (D) To finish the

repair process, Pold re-synthesizes the gap, which is subsequently ligated by the DNA ligase.

Although the mismatch repair pathway in eukaryotes is still incompletely understood,
it generally requires the sequential execution of mismatch recognition, repair initiation,
lesion excision, and DNA resynthesis (Huang and Li, 2018; Liu et al., 2017). The first
line MMR dimers MutSa or MutSp initiate the DNA repair by recognizing and binding
to the detected mismatches (Fig. 1A). After DNA lesion recognition, MutL dimers are
recruited to the mismatch-bound complex whereby the MutLa dimer MLH1-PMS2
plays the major role in MMR. In the presence of PCNA, MutL incises the unmethylated
DNA strand to create a nick near the base mismatch (Fig. 1B). Lesion recognition,
MutS-MutL recruitment, and strand incision are ATP dependent processes and defects

in the ATP activity lead to defects in the MMR. EXO1, a 5'-> 3" exonuclease, then uses
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this MutL-created single-strand break to access the erroneous DNA strand and excises
the wrongly paired bases (Fig. 1C). RPA stabilizes the single-strand gap created by
this degradation. Subsequently, the polymerase Pold coordinates the DNA resynthesis
to correctly refill the excised gap (Fig. 1D). In the end, LIG1 seals the remaining nick,
completing the repair process (Jiricny, 2006; Li, 2008). Although EXO1 works in the

5°->3" direction, EXO1 also aids in the excision of 3 nicks.

1.3.3 MMR deficiency in cancer

Genomic instability is a cancer hallmark (Hanahan and Weinberg, 2011, 2000). The
MMR pathway plays a vital role in promoting genomic stability. Deregulation of
components in this tightly regulated MMR network is associated with genome-wide
instability, predisposition to certain types of cancer, and resistance to certain
chemotherapeutic agents (Jiricny, 2006; Li, 2008; Pecina-Slaus et al., 2020). Initial
work independently conducted by Vogelstein and Kolodner and their co-workers
identified that germline mutations in MSH2 (Fishel et al., 1993; Leach et al., 1993) and
defects in MLH1 (Bronner et al., 1994; Leach et al., 1993; Nicolaides et al., 1994)
represent the majority HNPCC cases and some cases of sporadic CRC. In the
following years, genetic variants of other MMR components were also found in
cancerous malignancies beyond CRC. Within the MutS homologs, genetic aberrations
in MSH3 are associated with colorectal, urinary bladder, and endometrial cancers
(Kawakami et al., 2004; Yamamoto and Imai, 2015), and variants of MSH6 are
associated with colorectal and endometrial cancer (Poulogiannis et al., 2010;
Rosenthal et al., 2020). Within the MutL homologs, mutations in PMS17 alone or
together with other MMR gene mutations can cause CRC (Tanakaya, 2019), PMS2
gene variants are found in CRC (however less frequent than MLH1 or MSHZ2), Turcot
syndrome, and primitive neuroectodermal tumors (Peéina-Slaus et al., 2020), and
MLH3 alterations are found in various tumors such as CRC, endometrial tumors, and
low-grade glioma (Duraturo et al., 2016; Valle et al., 2019). Altogether, mutations in
and deregulation of MMR proteins cause several cancer malignancies and are
particularly prevalent in CRC.
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1.4 The cGAS-STING pathway

1.4.1 Nucleic acid sensing

To protect our body against infectious agents from the outside and the development of
malignancies (e.g., cancer) from the inside, the innate immune system serves as the
first line of defense. To recognize danger signals and to instruct adaptive immunity,
innate immune cells are equipped with pattern recognition receptors (PRRs), which
recognize microbe-specific molecules called pathogen-associated molecular patterns
(PAMPs) such as microbial metabolites (e.g., bacterial carbohydrates, viral nucleic
acids) or endogenous stress signals called danger-associated molecular patterns
(DAMPs) (Akira et al., 2006). Nucleic acids (NAs) are ubiquitous danger signals in
vertebrates, and the induction of type | interferons (IFNs) upon NA sensing is a
hallmark of innate immunity (Schlee and Hartmann, 2016). To distinguish between self
and non-self, the structure (e.g., sequence motifs, conformation), availability (e.g., local
concentration, shielding), and localization (e.g., cytosol vs. endosome) of the NA
ligands play an essential role (Schlee and Hartmann, 2016). Given the various nature
of NA species, such as single-stranded (ss) or double-stranded (ds) RNA and DNA or
hybrids thereof, distinct RNA or DNA-recognizing receptors for detecting NAs have
evolved. Among DNA-recognizing receptors, cGAS is a prominent DNA sensor that
promotes type | IFN production via Stimulator of IFN genes (STING) (Schlee and
Hartmann, 2016). The cGAS-STING signaling axis has broad functions in host

defense, autoinflammatory disorders, and cancer biology.

1.4.2 cGAS signaling

cGAS is a 520 amino acid protein first purified in 2013 and found to function as a
cytosolic DNA sensor and to catalyze the synthesis of cGAMP (Sun et al., 2013).
Functionally, cGAS recognizes the foreign DNA of a wide range of microbial
pathogens, such as bacteria, viruses, and protozoans (Hopfner and Hornung, 2020).
In addition to non-self DNA, cGAS can also recognize extracellular self-DNA (upon cell
death), mitochondrial DNA (mtDNA) (upon intrinsic apoptosis), or nuclear DNA (due to
defective DNA replication, repair, and mitosis) (Hopfner and Hornung, 2020). Although
cGAS does not recognize DNA in a sequence-specific manner, its activation requires
the binding of DNA with a certain length. Short DNA of roughly 20 bp can bind to cGAS,

however, dsDNA longer than 45 bp form more stable cGAS dimers and higher-order
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DNA-cGAS complexes and thus generate stronger enzymatic activity (Li et al., 2013;
Zhang et al., 2014).

Upon DNA binding, the activation of cGAS requires the assembly into a dimer, which
switches the inactive cGAS into a catalytically active state to catalyze the production
of cGAMP. The second messenger molecule, cGAMP, then binds to STING for
downstream pathway activation. Besides activating STING within the same cell,
cGAMP can also be shuttled to neighboring cells by diffusion through gap junctions
(Chen et al., 2016; Schadt et al., 2019), being packed into viral capsids (Bridgeman et
al., 2015; Gentili et al., 2015), or by transmembrane carriers (e.g., LRCC8, SLC19A1,
P2XR7) (Luteijn et al., 2019; C. Zhou et al., 2020; Y. Zhou et al., 2020). Exposed to
the extracellular space, cGAMP is, however, readily degraded by the ectonucleotide
pyrophosphatase/phosphodiesterase 1 (ENPP1), thereby controlling cGAMP
availability (Li et al., 2014).

1.4.3 STING signaling

STING was found in 2008 as a key mediator of DNA sensing and type | IFN signaling
and is widely expressed in both non-immune and immune cells (Ishikawa et al., 2009;
Ishikawa and Barber, 2008). STING is a ca. 40 kDa membrane protein composed of
four transmembrane domains in the N-terminal region, which anchor STING to the
endoplasmic reticulum (ER), a connector region, a ligand-binding domain (LBD) that
contains a dimerization domain, and a C-terminal tail (CTT), with both LBD and CTT
facing the cytosol. In the CTT, STING harbors a highly conserved PLPLRT/SD TANK-
binding kinase 1 (TBK1)-binding motif (Zhang et al., 2019; B. Zhao et al., 2019) and in
direct proximity to it a pLxIS motif which is essential for interferon regulatory factor 3
(IRF3) recruitment and activation (Liu et al., 2015; Zhao et al., 2016).

Activation of STING initiates various biological effector functions to promote host
immunity whereby the TBK1-IRF3 activation-mediated type | IFN transcription is an
essential regulator of host immunity (Fig. 2). In addition to host cGAMP, STING also
binds directly to cyclic dinucleotides produced by bacteria such as cyclic diGMP, cyclic
diAMP, and bacterial cGAMP (Burdette et al., 2011; Webster et al., 2017; Woodward

et al., 2010). Independent of cyclic dinucleotides, STING was moreover found to be

26



activated by several other stimuli, such as ER stress or viral liposomes (Holm et al.,
2012; Moretti et al., 2017; Petrasek et al., 2013). At steady state, STING is anchored
as a dimer to the ER by factors such as the Ca?* sensor stromal interaction molecule
1 (STIM1) (Srikanth et al., 2019). Upon cGAMP binding, STING undergoes a
conformational change that promotes the oligomerization of multiple STING dimers
(Ergun et al., 2019; Shang et al., 2019) and induces trafficking to the Golgi. This
process enables TBK1 to phosphorylate (in trans) and activate other TBK1 molecules
close by. Activated TBK1 phosphorylates STING at the serine residue (S366) in the
pLxIS motif (“p” represents a hydrophilic residue, “x” any residue, and “S” the serine),
which serves as a docking site for IRF3 (Liu et al., 2015; Zhang et al., 2019). Upon
recruitment, IRF3 gets activated by TBK1-mediated phosphorylation and forms dimers
that subsequently translocate to the nucleus to induce type | IFN production (Agalioti
et al., 2000; Zhao et al., 2016). Produced IFNs act in an auto- and paracrine manner
via IFN-a receptor 1 (IFNAR1) and IFNAR2, which signal through Janus kinase/signal
transducer and activator of transcription (JAK/STAT), to induce IFN-stimulated genes
(ISGs) (Schneider et al., 2014), the transcripts of which collectively serve to coordinate

host immunity (e.g., antiviral defense, antitumor immunity).

Beyond IFN signaling, the cGAS-STING pathway is also implicated in other effector
mechanisms such as NF-kB activation, autophagy, and cell death. For example,
certain species (e.g., insects) that lack the CTT of STING can still promote NF-kB
responses to orchestrate antimicrobial host defense (Goto et al., 2018; Martin et al.,
2018). Moreover, in certain fish species (e.g., zebrafish), STING promotes TNF
receptor associated factor 6 (TRAF6)-mediated NF-kB signaling by having additional
signaling motifs appended to the CTT (de Oliveira Mann et al., 2019). In human cells,
the exact regulation of STING triggered NF-kB activation is, however, still incompletely
understood. In the context of autophagy, STING-controlled autophagy was reported to
have protective roles in the clearance of microbial pathogens (e.g., Mycobacterium
tuberculosis (Watson et al., 2012), Gram-positive bacteria (Moretti et al., 2017), and
Herpes Simplex Virus-1 (HSV-1) (Yamashiro et al., 2020)). Moreover, STING-induced
autophagy can also be triggered upon replicative crisis, thereby preventing tumor cell
outgrowth (Nassour et al., 2019). Finally, besides triggering IRF3-mediated IFN
expression, STING induces the expression of various pro-apoptotic and pro-
necroptotic molecules, thereby contributing to the cell death pathways, including
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apoptosis and necroptosis. In lymphoid cells such as T cells, for example, STING
activation leads to apoptosis by promoting the upregulation of the pro-apoptotic BH3-
only proteins Noxa and Puma (Gulen et al., 2017). Interestingly, when apoptosis is
inhibited, STING activation also triggers receptor-interacting protein kinase 3 (RIPK3)-
mediated necroptosis involving crosstalk of type | IFNs and tumor necrosis factor (TNF)

signaling (Brault et al., 2018).
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Fig. 2. The cGAS-STING pathway.

DNA from endogenous and exogenous sources is recognized by cGAS, which produces cGAMP for
STING activation. Upon activation, STING oligomerizes and translocates from the ER to the Golgi.
Engaging the TBK1-IRF3 or NF-kB pathway, STING drives the transcription of genes encoding different
effector molecules (e.g., IFN-B, IL-6), which generates an inflammatory immune response to collectively
promote host immunity. Moreover, STING plays a role in autophagy and cell death (e.g., apoptosis).
Cytosolic DNA (cyt. DNA).
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1.4.4 Constitutive STING activity in SAVI disease

The cGAS-STING pathway is of paramount importance in antitumor immunity and host
defense against infections. However, aberrant activation, erroneous regulation, or
receptor malfunctioning of this signaling pathway can lead to severe inflammatory
disorders characterized by elevated IFN levels, which are clinically also called
interferonopathies (Uggenti et al., 2019). STING-associated vasculopathy with onset
in infancy (SAVI) is such an autoinflammatory disorder whereby genetic variations in
STING (e.g., N154S, V155M, and V147L) lead to constitutive STING activation and
thus elevated IFN signatures in primary patient cells. These patients are characterized
by cytokine dysregulation, recurrent fever, ulcerative skin lesions, vasculitis, interstitial
lung disease, and reduced life expectancy (Liu et al., 2014). Murine models of SAVI
(STINGN'83S  knock-in mouse) greatly phenocopy the human disease features
manifesting upregulated ISGs, hypercytokinemia, lymphocytopenia, and perivascular
inflammatory lung disease (Luksch et al., 2019; Warner et al., 2017). Thus, the
STINGN1538 knock-in mouse is a useful model to study the role of constitutive STING
activation in this disease. Interestingly, ablation of type | IFN signaling did not protect
the mice from developing lung disease, whereas T cell depletion rescued the
phenotype (Luksch et al., 2019; Warner et al., 2017). These findings indicate that the
SAVI disease develops independently of STING-driven type | IFN signaling but relies
on T cells. Considering that STING can drive both IFN-dependent and independent
signals in different cell types (e.g., myeloid vs. lymphoid) (Wu et al., 2020), these
studies suggest that SAVI-STING drives IFN-independent effects on T cells. The exact
molecular mechanism of this SAVI-STING-driven pathology, however, is still part of

ongoing research.

1.5 Antitumor immunity
1.5.1 The tumor microenvironment (TME)

Solid tumors are complex tissues composed of various cellular and non-cellular
components such as extracellular matrix (ECM), immune cells, blood vessels, and
stromal cells, collectively forming a highly dynamic tumor microenvironment (TME).
Generally, all types of immune cells can be found in the TME, including T cells, natural
killer (NK) cells, dendritic cells (DCs), and macrophages (Belli et al., 2018). Shaped by

several factors such as nutrient availability, level of hypoxia, or the inflammatory milieu,
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the functionality of the immune cells in the TME can be polarized towards protumoral
or antitumoral responses (Belli et al., 2018). For example, the expression of anti-
inflammatory cytokines such as transforming growth factor (TGF)-B skews pro-
inflammatory macrophages (M1) towards an anti-inflammatory macrophage state
(M2), inhibits type 1 T helper (Th1) responses while promoting regulatory T cells
(T regs), and suppresses CD8+ T cell and NK cell cytotoxicity (Batlle and Massagué,
2019). In contrast, cytokines such as IFN-y and interleukin 12 (IL-12) enhance
antitumor immune responses by linking innate and adaptive immunity and inducing
cytotoxic activities in antitumoral effector cells such as CD8+ T cells (Garris et al.,
2018).

Based on their immune landscape, tumors can roughly be categorized into “cold”
(immune-excluded or immune-desert) and “hot” (immune-inflamed) tumors (Chen and
Mellman, 2017). Whereas immune cells fail to penetrate the tumor tissue in “cold”
tumors (Hegde and Chen, 2020), “hot” tumors are characterized by an inflammatory
environment, namely by the presence of CD8+ T cells, increased IFN-y signaling, and
high TMB, possibly driven by genomic instability (Hegde et al., 2016). Indeed, the
presence of CD8+ T cells is a prognostic factor associated with prolonged cancer
patient survival and increased immunotherapy efficacy (Bruni et al., 2020; Corrales et
al., 2017). Clinically, “hot” tumors respond better to ICI therapy (Galon and Bruni, 2019;
Herbst et al., 2014; Ochoa de Olza et al., 2020; Ribas et al., 2017). Although ICls
restore antitumor immune responses, the infiltration of TILs into the tumor bed, which
is coordinated by inflammatory mediators, remains essential to yield therapeutic results
(Kubli et al., 2021). Notably, TIL-attracting chemokines such as C-C motif chemokine
ligand 5 (CCL5) and C-X-C motif chemokine ligand 10 (CXCL10) recruit antitumor
effector cells such as cytotoxic CD8+ T cells and NK cells into the TME (Harlin et al.,
2009; Zumwalt et al., 2015).

To mount a powerful antitumor immune response, DC activation is critical for
instructing tumor-specific T cell responses and orchestrating adaptive cancer immunity
(Chen and Mellman, 2013). In the TME, APCs such as DCs continuously take up dead
cell debris alongside tumor antigens and stimulatory DAMPs. Upon activation by these
DAMPs, APCs migrate to the draining lymph node (dLN) and cross-present the

ingested tumor antigens to lymphoid immune cells for T cell priming and activation.
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Through the circulation, these newly educated tumor antigen-specific TlLs then
migrate to the tumor site, where they infiltrate the tumor tissue and recognize and Kkill
tumor cells by unleashing tumoricidal effector functions. This T cell-mediated cell death
amplifies immune stimulatory signals and fuels the continuation of the cancer immunity
cycle. The lack of stimulatory signals that elicit inflammatory responses results in
impaired induction of DC-dependent tumor-specific cytotoxic CD8+ T cell responses
(Chen and Mellman, 2013).

1.5.2 cGAS-STING signals in antitumor immunity

Many PRRs were initially described to promote host immunity in the context of
infections (Kawai and Akira, 2010). However, it has become evident that these
pathways are also critical regulators of antitumor immunity (Bai et al., 2020). In
particular, STING bears great immunomodulatory capacities and is suggested to be a

master regulator of the cancer-immunity cycle (Zhu et al., 2019).

In cancer cells, genomic instability or genotoxic stress can lead to the formation of
micronuclei, a form of extranuclear encapsulated DNA, which, upon membrane
rupture, can be recognized by cGAS and drive cancer cell-intrinsic STING-mediated
inflammatory responses (Harding et al., 2017a; Mackenzie et al., 2017). Moreover,
mitochondrial stress can lead to mtDNA leakage into the cytosol and activate the
cGAS-STING pathway (Kitajima et al., 2019; West et al., 2015). In the TME, tumor-
derived self-DNA can be delivered to the cytosol of APCs such as DCs indirectly via
extracellular vesicles (e.g., exosomes) or directly via endocytosis where it triggers the
activation of the cGAS-STING pathway and subsequent type | IFN expression which
promotes antitumor immunity (Deng et al., 2014; Diamond et al., 2018; Woo et al.,
2014; Xu et al., 2017). Moreover, tumor-derived cGAMP can be shuttled to neighboring
cells, trigger STING activation in immune cells such as DCs in the TME, and promote
NK-mediated immunity (Marcus et al., 2018; Schadt et al., 2019). Beyond DCs, it is
conceivable that other cell types in the TME also respond to tumor-derived cGAMP,
but this requires further investigation.

DCs are professional APCs essential for antitumor immunity by connecting innate to

adaptive immunity. In particular, STING-mediated type | IFNs lead to the activation and
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maturation of DCs and the enhancement of tumor antigen cross-presentation for CD8+
T cell priming and activation (Corrales et al., 2015; Deng et al., 2014; Woo et al., 2014).
Beyond these effects, stimulation of DCs by type | IFNs induces the expression of a
plethora of ISGs, like genes encoding cytokines and chemokines, which are essential
in shaping productive antitumor immune responses (Ozga et al., 2021). In particular,
the chemokines CCL5, CXCL9, CXLC10, and CXCL11 are key mediators of TIL
trafficking to the tumor site (Harlin et al., 2009; Zumwalt et al., 2015). Studies with
STING- and IFNAR-deficient mice revealed that host STING-induced IFN signaling is

critical for the infiltration of CD8+ T cells into the tumor tissue (Demaria et al., 2015).

Arriving in the TME, tumor antigen-specific T cells recognize tumor cells via their TCR
and Kill the targeted tumor cell by releasing tumoricidal effector molecules such as
perforin1 (PRF1), granzyme B (GZMB), or IFN-y (Weigelin et al., 2021). Studies with
STING- and IRF3 knockout (KO) mice revealed that host STING-IRF3-IFN-dependent
APCs activation, IFN-B production, and priming of tumor-specific CD8+ T cells are
crucial to promoting the antitumor effects of CD8+ T cells (Deng et al., 2014; Woo et
al., 2014). Moreover, cGAS-STING-mediated IFN production was shown to enhance
the stem cell-like CD8+ T cell differentiation programs, which support T cell-mediated
antitumor immune responses (Li et al., 2020). Besides immune cells, the expression
of STING in non-immune cells, such as endothelial cells, has also been reported to
contribute to IFN-mediated antitumor immune responses (Demaria et al., 2015). In this
context, STING expression in endothelial cells was correlated with CD8+ T cell
infiltration and prolonged survival in some human cancer types (e.g., colon and breast

cancer) (Yang et al., 2019).
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1.6 Research objective

MSI-H/dMMR tumors exhibit better responsiveness to ICI therapy than MSS CRCs (Le
et al.,, 2017, 2015; Mandal et al., 2019). It has been suggested that the therapy-
responsive fraction of TMB-high tumors is due to an enrichment of neoantigens in the
tumor tissue, which arise from the dMMR-driven hypermutator phenotype (Germano
et al., 2017). However, the prevalence of mutation-generated immunogenic
neoantigens is insufficient to recruit the necessary immune cells into the TME that
mediates the effector immune response (Spranger et al., 2016). Moreover,
approximately 50% of dMMR tumors do not respond to immune checkpoint blockade,
suggesting that additional inflammatory mechanisms and not only the TMB must

govern ICl sensitivity. Thus, the aim of this study was:

1) to decipher the molecular mechanisms that determine dMMR ICI therapy

responsiveness;
2) to develop strategies to selectively enhance signals that could sensitize

immunologically “cold” and ICl-insensitive tumors to immunotherapy such as ICI

therapy.
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2 Results

2.1 MMR deficiency triggers IFN signaling in CRC

To study the immunostimulatory mechanisms responsible for the superior ICI
responsiveness in dAMMR CRCs, we accessed genome and RNA sequencing data
from 524 colorectal and rectal adenocarcinoma patient samples from The Cancer
Genome Atlas (TCGA). We divided the samples based on the mutations in MLH1,
MSH2, POLD1, or POLE, which are often inactivated in CRC (Mur et al., 2020; Pecina-
Slaus et al., 2020), into two groups: mismatch repair-proficient (pMMR) tumors (n=451)
and mismatch repair-deficient (AIMMR) tumors (n=73). In line with previous data
(Boland and Goel, 2010), the TMB was significantly higher in dMMR than in pMMR
cases (Fig. 3A). To uncover differences in gene expression signatures, we next
performed a pre-ranked gene set enrichment analysis (GSEA) on the differentially
expressed genes between dMMR and pMMR tumor groups using the Reactome
pathway database. The results revealed that immune and inflammatory processes
were among the top differentially regulated pathways in the dMMR group with a strong
representation of IFN signaling-related signatures such as “IFN gamma signaling,”
“IFN signaling,” and “IFN alpha/beta signaling” (Fig. 3B). Thus, dMMR in CRC not only

increases the TMB in the tumor tissue but also triggers the activation of IFN signaling.

Because the patient data sets from TCGA were collected from whole tumor tissue, we
next planned to selectively investigate inflammatory signals that are intrinsic to cancer
cells by using organoids. For this, we collaborated with a research group with access
to a primary human CRC organoid biobank (Farin et al., 2023). Similar to the results
from the TCGA data, whole-exome sequencing (WES) and RNA-seq revealed that the
dMMR organoids exhibited an elevated TMB and a strong enrichment of type | IFN
signaling compared to the pMMR samples (Farin et al., 2023; Vornholz et al., 2023).
Together, these findings demonstrate that AMMR drives the activation of IFN-related

inflammatory signals within the tumor cells.
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Fig. 3. MMR deficiency triggers IFN signaling in human CRC.

Exome and RNA sequencing data of dMMR and pMMR tumors from 524 colorectal and rectal
adenocarcinoma patients. (A) Mutation count per megabase pair (Mbp) of pPMMR vs. dMMR tumors. (B)
GSEA of differentially expressed gene sets from the Reactome database comparing dMMR vs. pMMR
tumors (+ve NES: dMMR). Student’s f-test (A) was used to determine significance. Normalized

enrichment score (NES), percentage of genes contributing to the enrichment score (Perc).

2.2 Tumor cell-intrinsic STING pathway activation upon MMR

deficiency

To mechanistically dissect how defects in MMR drive tumor cell-intrinsic IFN signaling
in CRC, we employed CRISPR/Cas9 to genetically edit murine CRC cell lines. First,
we generated MIh1-/- MC38 tumor cells. MLH1 deficiency was confirmed by western
blotting (Fig. 4A). By RNA-seq and GSEA, we found that the MLH1 deficiency leads
to a strong induction of IFN signaling, which is represented by the top enriched
signatures “IFN signaling” and “IFN alpha/beta signaling” (Fig. 4B). Moreover,
measuring the expression of the ISG Isg75 encoding a prototypical marker for
productive IFN signaling (Perng and Lenschow, 2018), we confirmed that /sg75 was
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strongly expressed in Mlh1-/- tumor cells (Fig. 4C). The induction of type | IFNs upon
DNA sensing is a hallmark of innate immunity (Schlee and Hartmann, 2016). Thus, we
next isolated DNA from the cytosol. Interestingly, we detected an increase in genomic
DNA in the cytosol of MIh1-/-tumor cells (Fig. 4D), which is released from the nucleus
due to genomic instability (Lu et al., 2021; Mackenzie et al., 2017; Talens and Van
Vugt, 2019). To validate our finding in another murine adenocarcinoma cell line, we
also generated MIh1-/- CT26 tumor cells (Fig. 4E). Similar to MC38 cells, the
expression of Isg15 was robustly induced in the MIh1-/- CT26 cells (Fig. 4F) confirming

that MLH1 deficiency results in tumor cell-driven IFN signaling.
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Fig. 4. MMR deficiency drives tumor cell-intrinsic IFN signaling.

(A) MLH1 deficiency in MC38 tumor cells was confirmed by western blotting. (B) GSEA of RNA-seq data
to identify differentially expressed gene sets of WT vs. MIh1-/- MC38 tumor cells by using the Reactome
database (+ve NES: MIh1-/-). (C) The relative gene expression of Isg75 in cultured MC38 tumor cells
was quantified by gPCR. (D) Cytosolic DNA of MC38 tumor cells was isolated with a commercial kit and
quantified by gPCR with primers specific for genomic DNA. (E) MLH1 deficiency in CT26 tumor cells
was confirmed by western blotting. (F) The relative gene expression of Isg715 in CT26 tumor cells was
quantified by gqPCR. The data represent n=3 independent experiments (C, D, F). Student’s t-test was
used to determine significance (C, D, F). Normalized enrichment score (NES), percentage of genes
contributing to the enrichment score (Perc).
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Genomic instability can induce IFN signaling via cGAS upon cytosolic DNA recognition
(Mackenzie et al., 2017). Upon activation, cGAS produces the second messenger,
cGAMP, which then activates the innate immune adaptor protein STING to induce
TBK1-IRF3-mediated type | IFN production (Hopfner and Hornung, 2020). To inspect
the signaling pathway that mediated dMMR-triggered IFN signaling, we co-deleted
Cgas (MIh1/Cgas-/-) or Sting (MIh1/Sting-/-) in MIh1-/- MC38 tumor cells (Fig. 5A).
MLH1 deficiency resulted in an increased cGAMP production which was dependent on
the presence of cGAS (Fig. 5B). STING expression did not affect the MLH1 deficiency-
induced cGAMP production (Fig. 5B). Furthermore, MIh1-/~- tumor cells produced
higher levels of IFN-B, which was strictly dependent on cGAS-STING (Fig. 5C). Type
| IFNs induce STAT1 signaling via IFNAR1 (Schneider et al., 2014). Consistent with
the elevated IFN-B production, MIh1-/~ tumor cells also displayed increased STAT1
phosphorylation, which was reduced when cGAS-STING was missing (Fig. 5D).

Next, we measured the gene expression of Isg75 as well as the expression of Ccl5
and Cxcl10, which are important chemoattractants for TILs (Zumwalt et al., 2015). The
induction of Isg15, Ccl5, and Cxcl10 in MIh1-/- MC38 cells was strictly dependent on
cGAS-STING signaling (Fig. 5E). Because IFNAR1 mediates type | IFN-induced
signaling, we next tested the effects of autocrine type | IFN signaling in dMMR MC38
tumor cells by using IFNAR1-blocking antibodies. Indeed, blocking IFNAR1 in MIh1-/-
tumor cells reduced the gene expression of Isg15, Ccl5, and Cxcl10, which indicates
that the transcription of these ISGs is in part driven by autocrine IFNs (Fig. 5F).
Together, these findings demonstrate that defects in the MMR machinery lead to an
accumulation of cytosolic DNA, cGAS-dependent generation of cGAMP, and STING

induced transcription of type | IFNs.
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Fig. 5. cGAS-STING mediates IFN signaling in dMMR CRC.

(A) Genetically modified MC38 tumor cells were confirmed by western blotting. (B) Cytosolic cGAMP
levels were quantified by ELISA from cell lysates of cultured MC38 tumor cells. (C) IFN-B production
from MC38 tumor cells was quantified by ELISA. (D) The phosphorylation of STAT1 in cultured MC38
cells was detected by western blotting. (E) The relative gene expression of Isg15, Ccl5, and Cxcl10 in
cultured MC38 tumor cells was quantified by gPCR. (F) MIh1-/- MC38 tumor cells were treated with anti-
IFNAR1 blocking antibodies (30 pg/ml) for 24h, and the relative gene expression of Isg15, Ccl5, and
Cxcl10 was quantified by gPCR. (G) The relative gene expression of ISG15 in pMMR vs. dMMR cultured
primary organoids was quantified by gqPCR 16 h after TBK1 inhibitor treatment. The data represent n=3
independent experiments (B, E), are representative of n=2 independent experiments (C, F), or represent
n=3 technical replicates (G). Student’s t-test (F) or one-way ANOVA (B, C, E, G) was used to determine

significance.
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To validate these findings in human CRC, the patient-derived CRC organoids from our
collaboration partner were used (Farin et al., 2023). Organoids with defects in MMR
displayed increased ISG15 gene expression compared to their pMMR counterparts
(Fig. 5G). This enhanced expression in dMMR organoids was significantly reduced
when using pharmacological inhibitors against TBK1, a signaling molecule that
mediates STING-induced IFN signaling. Thus, the tumor cell-intrinsic mechanism of

MMR deficiency-induced IFN signaling is conserved between mice and humans.

2.3 STING signaling in dMMR CRC mediates immunogenicity

After identifying a role for STING in driving IFN responses in dMMR tumor cells, we
next studied how tumor cell-intrinsic STING activation impacts the growth of dAMMR
cancer cells and how it modulates TMEs in vivo. For this, we subcutaneously (sc)
transplanted WT, MIh1-/-, and MIh1/Sting-/- MC38 cells into syngeneic C57BL/6 mice.
While WT, MIh1-/-, and MIh1/Sting-/- MC38 tumors displayed comparable proliferation
rates in in vitro cultures (Fig. 6A), MIh1-/- cells grew smaller tumors in vivo (Fig. 6B,
6C). This reduced tumor growth was dependent on STING since the absence of STING

enabled MIh1-/- tumor cells to grow comparably to WT tumors.
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Fig. 6. STING signaling in dMMR CRC controls tumor growth.

(A) In vitro proliferation of cultured MC38 tumor cells. (B) Growth of subcutaneously inoculated WT,
Mih1-/-, or MIh1/Sting-/- MC38 tumor cells (n=5) in syngeneic WT C57BL/6 mice. (C) Endpoint size of
subcutaneously grown tumors. The data represent n=3 independent experiments (A). The data are

presented as the mean + SEM (B). One-way ANOVA (C) was used to determine significance.
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To explore the immune microenvironment in these tumor tissues, we analyzed tumor
immune infiltrates by flow cytometry and gene expression by qPCR. In the TME of
MIh1-/- tumors, we observed an increased gene expression of the chemokines Ccl5,
Cxcl9, Cxcl10, and Cxcl11 which are crucial for recruiting cytotoxic CD8+ T cells and
NK cells into tumor tissues (Zumwalt et al., 2015) (Fig. 7A). In line with the increased
chemokine expression, we detected higher frequencies of CD8+ DCs (CD11c+,
CD11b-, CD8+) which are critical APCs in coordinating antitumor immune response by
connecting innate to adaptive immunity, and higher frequencies of both cytotoxic T
lymphocytes (CTLs) and NK cells which are key tumoricidal effector cells (Fig. 7B).
The frequencies of CD4+ T cells were unaltered (Fig. 7B). Along with the high CTLs
and NK cells infiltrates, these cells were characterized by higher IFN-y production,
demonstrating that they are not only recruited to the TME but also functionally active
(Fig. 7C). In line with the inflamed TME created by the MLH1 deficiency, we also
detected an upregulation of the genes encoding the cytotoxic effector molecules
Gzmb, Prf1, Ifng, and Tnf (Fig. 7D), which mediate tumor cell killing (Cullen et al.,
2010; Du et al., 2021). Importantly, the absence of STING in MIh1-/- tumor cells
abolished the dMMR-triggered inflammatory response and TILs recruitment (Fig. 7A-
D). Thus, tumor cell-intrinsic STING signaling in dMMR tumors is critical to create an
inflammatory and immunologically active TME and to induce productive antitumor

immunity.
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Fig. 7. STING signaling in dMMR CRC promotes antitumor immunity.

At the endpoint (Day 21), subcutaneously grown genetically modified MC38 tumors were explanted for
FACS and gPCR analysis. (A) The relative gene expression of chemokines (Ccl5, Cxcl9, Cxcl10,
Cxcl11) was quantified by gPCR. FACS analyses displaying (B) the percentages (CD8, NK, CD8+ DCs,
CD4) of live/CD45+ cells and (C) the percentages (IFN-y) of CD8+ cells and NK cells. (D) The relative
gene expression of cytotoxic effector molecules (Gzmb, Prf1, Ifng, Tnf) was quantified by gPCR. One-

way ANOVA was used to determine significance.
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Given the essential role of type | IFNs in STING signaling, we further assessed the
impact of type | IFN signaling in dMMR tumors in vivo by treating animals with blocking
anti-IFNAR1 antibodies. MMR-deficient tumors that were treated with anti-IFNAR1
grew more aggressively, which highlights the essential role of type | IFN signaling in
controling dMMR tumors in vivo (Fig. 8A). Because CXCL10, a ligand for the
chemokine receptor CXCR3, is an essential chemokine that recruits TlLs to the TME
(Zumwalt et al., 2015), we treated MIh1-/- tumor-bearing mice with anti-CXCR3
antibodies. Remarkably, the anti-CXCR3 treatment also resulted in a more aggressive
tumor growth of MIh1-/- tumors, which indicates that chemotactic signals via CXCL10-
CXCRa3 are essential to drive antitumor immune responses (Fig. 8B). Taken together,
these data show that type | IFNs via IFNAR1 and chemokine signals via CXCR3 control

the tumor growth of dAMMR tumors in vivo.
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Fig. 8. The dMMR antitumor response requires IFNAR1 and CXCR3 signaling.
Growth of subcutaneously inoculated MIh1-/- MC38 tumor cells in syngeneic WT C57BL/6 mice that
were treated without or with (A) anti-IFNAR1 (200 pug/mouse) blocking antibodies or (B) anti-CXCR3
(200 pg/mouse) blocking antibodies every three days starting at Day 0 (n=3-5). The data are presented
as the mean + SEM.
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2.4 A strategy to genetically enforce STING signaling in cancer

cells

After establishing the importance of tumor cell-intrinsic STING signaling for the
immunogenicity of dMMR tumor cells, we examined whether the induction of enforced
STING signaling in “cold” pMMR cancer tissues would be sufficient to create a “hot”
TME. As a strategy to genetically enforce STING signaling in MC38 tumor cells, we
used the constitutively active STING variant (STINGN'53S). This STING variant was
originally isolated from patients suffering from the auto-inflammatory disease called
SAVI (Liu et al., 2014; Luksch et al., 2019). After cloning the mutant STING sequence
into retroviral vectors, we transduced STINGN'®3S into pMMR MC38 cells and
confirmed successful insertion by sequencing (Fig. 9A). STINGN'53S.expressing
pMMR MC38 tumor cells are hereafter termed “STINGN'%3%” and parental pMMR MC38
control cells are termed “WT” MC38 cells. To study the effects of STINGN'%3S on gene
expression, we performed RNA-seq. GSEA displayed that the introduction of
STINGN'53S into pMMR tumor cells results in a prominent enrichment of IFN signaling
signatures as represented by “IFN alpha/beta signaling” and “IFN signaling” (Fig. 9B).
In line with type | IFN-induced signaling, we observed increased STAT1
phosphorylation when STINGN'53S s expressed, indicating cell-autonomous
constitutive IFN signaling (Fig. 9C). STAT1 protein expression was also increased,
which is known to be induced by IFN signaling in a feed-forward loop (Schneider et al.,
2014). Furthermore, STINGN'53S induced strong expression of /sg15, which was
greatly diminished upon pharmacological TBK1 inhibition (Fig. 9D). To translate this
strategy to human CRC, we again used the organoids from our collaboration partner
(Farin et al., 2023) and equipped the patient-derived pMMR CRC organoids with the
STINGN'53S variant. Indeed, STINGN'33S also induced robust /ISG75 expression in
human CRC (Fig. 9E). Taken together, the expression of STINGN'S3S is sufficient to

activate the IFN pathway in murine and human pMMR tumor cells.
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Fig. 9. Constitutively active STINGN'53S drives IFN signaling in pMMR CRC.

(A) Electropherogram displaying the sequencing result of the PCR-amplified transgene STINGN'33S from
genomic DNA of MC38 tumor cells. (B) GSEA of RNA-seq data to identify differentially expressed gene
sets of WT vs. STINGN1535 MC38 tumor cells by using the Reactome database with a percentage cutoff
>0.2 (+ve NES: STINGN1538), (C) Phosphorylation of STAT1 in cultured MC38 cells was detected by
western blotting. (D) The relative gene expression of Isg75in cultured MC38 tumor cells 16 h after TBK1
inhibitor treatment was quantified by gqPCR. (E) The relative gene expression of ISG15 in pMMR and
STINGN'%3S-transduced (=pMMR+STINGN'53S) cultured primary organoids was quantified by gqPCR. The
data represent n=3 independent experiments (D) or n=2-3 technical replicates (E). One-way ANOVA
(D) was used to determine significance. Normalized enrichment score (NES), percentage of genes
contributing to the enrichment score (Perc). Validation of successful STINGN'93S transgene insertion (A)

was performed together with Sophie E. Isay as part of her Master’s thesis.

Following activation, STING drives type | IFN gene expression via TBK1 and IRF3. For
the execution of this pathway, STING specifically requires serine phosphorylation at
position 366 (S365 in mouse STING) (Liu et al., 2015). To test whether the STINGN'53S
mutation specifically triggered the observed IFN signaling effects, we next generated
MC38 tumor cells that express the selective IFN-inactive STING mutant S365A in
combination with the N153S mutant (STINGN1538/S3654) or the wild-type (WT) variant
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(STING"T). IFN-B production (Fig. 10A), STAT1 phosphorylation (Fig. 10B), and Isg15
expression (Fig. 10C) triggered by the constitutively active STINGN'53S mutant were
completely abrogated in MC38 tumor cells that expressed the double mutant
STINGN193S/S365A gnd were also not induced by the STINGWT variant. Thus, STINGN153S

specifically drives cell-autonomous IFN signaling in MC38 tumor cells.
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Fig. 10. STINGN153S gpecifically triggers STING-mediated IFN signaling.

(A) IFN-B production from STING-mutant MC38 tumor cells was quantified by ELISA. (B) The
phosphorylation of STAT1 in cultured STING-mutant MC38 cells was detected by western blotting. (C)
The relative gene expression of /Isg15 in cultured STING-mutant MC38 tumor cells was quantified by
gPCR. The data are representative of n=2 independent experiments (A, C). One-way ANOVA (A, C)

was used to determine significance.

2.5 Synthetically enforced STING signaling promotes antitumor

immunity

After successfully establishing a murine tumor cell model that harbors a constitutively
active STINGN'53S variant, we next investigated the capacity of STINGN'33S to induce
immunogenic TMEs and stimulate antitumor immune responses in previously “cold”
tumor tissues. For this, we subcutaneously injected parental WT or STINGN'53S.
expressing MC38 tumor cells into immunocompetent syngeneic C57BL/6 mice and
monitored tumor growth. Similar to the effects observed with MMR deficiency (see Fig.
6B), enforced STINGN'53S sjgnaling in MC38 cells significantly reduced tumor growth
in vivo (Fig. 11A, 11B). Notably, the proliferation rates of STINGN'53S-transduced
MC38 cells in vitro were similar to their WT counterparts (Fig. 11C). To test whether
the expression of STINGN'33S |eads to immune-mediated growth inhibition in vivo, we

next injected STINGN'S3S-transduced MC38 cells into immunocompromised NOD-
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SCID mice that lack an intact lymphoid compartment (Hudson et al., 1998). In these
animals, the STINGN'93S-expressing MC38 tumors showed similar growth patterns to
the WT MC38 tumors (Fig. 11D). This indicates that the control of STINGN153S-

transduced MC38 cells in WT mice relies on the activation of lymphocytes.

To further inspect the role of STINGN'®3S-triggered IFN signaling in this immune-
mediated growth inhibition, we injected STINGN1535/S365A gnd STING"T-transduced
MC38 control cells into syngeneic WT C57BL/6 mice. In contrast to STINGN'S3S-
expressing tumors, the tumor growth of STINGN1535/S365A tymors was comparable to
STINGWT tumors, which indicates that constitutively active STINGN'53S signaling is
specifically responsible for growth inhibition in vivo (Fig. 11E). In vitro, the different
STING-mutant MC38 cells proliferated equally (Fig. 11F).
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Fig. 11. Synthetically enforced STINGN'53S signaling controls tumor growth.

(A) Growth of subcutaneously inoculated WT and STINGN'%3S MC38 tumor cells in syngeneic WT
C57BL/6 mice (n=5). (B) Endpoint weight of subcutaneously grown tumors (n=5). (C) In vitro proliferation
of cultured MC38 tumor cells. (D) Growth of subcutaneously inoculated WT and STINGN'53S MC38 tumor
cells in NOD-SCID mice (n=4). (E) Growth of subcutaneously inoculated STING-mutant MC38 tumor
cells in syngeneic WT C57BL/6 mice (n=5). (F) In vitro proliferation of cultured STING-mutant MC38
tumor cells. The data are presented as the mean + SEM (A, C-F). Student’s t-test was used to determine
significance (B, D). Tumor growth experiment (A, B) was performed together with Sophie E. Isay as part
of her Master's thesis.
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To further characterize how tumor cell-intrinsic STINGN'53S modulates the immune-
mediated tumor growth control, we next studied the TME of STINGN'53S-expressing
tumors using flow cytometry and gene expression analysis. In line with enforced IFN
signaling in STINGN'53S-transduced MC38 cells in vitro, we detected strong induction
of the ISG marker gene Isg15 in the TMEs of STINGN'33S-transduced tumors in vivo
(Fig. 12A). Moreover, the chemokine genes Ccl5, Cxcl9, Cxcl10, and Cxcl11, the
products of which mediate CTL and NK cell recruitment into the tumor tissue (Bronger
et al., 2016; Cao et al., 2021; Zumwalt et al., 2015), were strongly upregulated in the
TMEs of STINGN'93S_expressing tumor cells (Fig. 12B). Consistently, STINGN'53S.
expressing tumors contained increased frequencies of CTLs and NK cells (Fig. 12C).
The frequencies of CD4+ T cells remained unaltered (Fig. 12C). Interestingly, these
infiltrating CTLs in the TMEs of STINGN'53S-expressing tumors were characterized by
enhanced PD-1 expression and increased IFN-y production compared to those of
tumors formed by WT MC38 cells (Fig. 12D). This demonstrates that these CTLs are
not only recruited to the TME but also activated in response to tumor cell-intrinsic
STINGN'3S sjgnaling. In line with these findings, we also detected a strongly
upregulated expression of the genes encoding the cytotoxic effector molecules Gzmb,
Prf1, Ifng, and Tnf (Fig. 12E). Together, genetically enforced STINGN'93S signaling in
MMR-proficient tumor cells is by itself sufficient to shape an immune cell-infiltrated and
immunologically active TME that exhibits the key requirements for productive antitumor

immunity.
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Fig. 12. Synthetically enforced STINGN'53S signaling promotes antitumor
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immunity.

At the endpoint (Day 17), subcutaneously grown genetically modified MC38 tumors (n=5) were
explanted for FACS and qPCR analysis. The relative gene expression of (A) ISGs (/sg15) and (B)
chemokines (Ccl5, Cxcl9, Cxcl10, Cxcl11) was quantified by gPCR. (C, D) FACS analyses displaying
(C) the percentages (CD4, CD8, NK) of live/CD45+ cells and representative dot plots, and (D) the
percentages (IFN-y, PD-1) of CD8+ cells. (D) The relative gene expression of cytotoxic effector
molecules (Gzmb, Prf1, Ifng, Tnf) was quantified by qPCR. Student’s t-test was used to determine
significance. Biexponential (biex). Gene expression analysis (A, B, E) was performed together with

Sophie E. Isay as part of her Master's thesis.

48



2.6 Tumor cell-intrinsic STING enforcement sensitizes to ICI

therapy

To investigate whether the expression of STINGN'33S in a subset of cancer cells is
sufficient to sensitize the TME to ICI treatment, we mixed WT and STINGN'53S.
expressing MC38 cells prior to subcutaneous injection. Tumors that contained less
than one-third of STINGN'53S.expressing MC38 cells are hereafter termed
“mixSTINGN'338” and pure WT MC38 tumors are termed “WT”. When treated with
isotype control antibodies, mixSTINGN'33S tumors grew equally compared to WT
tumors (Fig. 13A). However, upon ICI treatment with anti-PD-1 and anti-CTLA-4
inhibitors, mixSTINGN'®3S tumors exhibited significant tumor regression (Fig. 13B,

13C) and improved survival of the animals (Fig. 13D).
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Fig. 13. Tumor cell-intrinsic STINGN'53S sensitizes to ICI therapy.

Growth of subcutaneously inoculated WT vs. mixSTINGN1%3S MC38 tumors in syngeneic WT C57BL/6
mice (A) treated with isotype control (=iso) (n=4) or (B) treated with anti-PD-1/anti-CTLA-4 (=IClI) (n=8-
10) every three days (black arrows). (C) Endpoint weight of subcutaneously grown tumors treated with
ICI. (D) Survival of WT vs. mixSTINGN'%3S tumor-bearing mice treated with ICI therapy every three days
starting on Day 10 (n=9-10). The data are presented as the mean + SEM (A, B). Student’s f-test (C) or

log-rank (Mantel-Cox) test (D) was used to determine significance.
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We next studied the TMEs of the responsive mixSTINGN'93S tumors by using flow
cytometry and gene expression analysis (Fig. 14A). In these tumor tissues, we
detected an enhanced inflammatory state which was characterized by increased
expression of the genes encoding the TIL-attracting chemokines Ccl5, Cxcl9, and
Cxcl10 (Fig. 14B). Additonally, there was an increase in the frequencies of CD8+ DCs
(CD11c+, CD11b-, CD8+), which are critical for tumor antigen cross-presentation and
priming of CD8+ T cells against tumor antigens (Fuertes et al., 2011; Noubade et al.,
2019) (Fig. 14C). Moreover, we observed an increased CTL infiltration, indicative of
an enhanced antitumor immune response (Fig. 14C). However, there were no
discernible differences in CD4+ T cell infiltration (Fig. 14C). An increased CTL
infiltration was also observed in the dLNs (Fig. 14D). Consistent with productive DC
and cytotoxic activity, the gene expression of /12, encoding a DC-derived cytokine that
shapes antitumor immunity, and /fng was also significantly upregulated in the TME of
mixSTINGN'53S tumors (Fig. 14E). Taken together, genetically enforced STINGN'93S
signaling in a subset of tumor cells is sufficient to enhance ICl therapy responsiveness
and this enhanced response is characterized by an intensified inflammatory state,
increased infiltration of CD8+ DCs and CTLs, and up-regulation of key cytokines that

shape the antitumor immunity.
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Fig. 14. Tumor cell-intrinsic STINGN'53S enhances ICI therapy-mediated antitumor
immunity.

(A) Schematic representation of the experimental setup in vivo. At the endpoint (Day 21),
subcutaneously grown MC38 tumors that were treated with ICI therapy were explanted for FACS and
gPCR analyses. (B) The relative gene expression of chemokines (Ccl5, Cxcl9, Cxcl10) was quantified
by gPCR. FACS analyses displaying (C) percentages (CD8, CD8+ DCs, CD4) of live/CD45+ cells in the
tumor and (D) percentages (CD8) of live/CD45+ cells in the draining lymph node (dLN). (E) The relative
gene expression of cytokines (/fng, 1112) was quantified by gPCR. Student’s t-test was used to determine

significance.
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2.7 Expression of STINGN'3S jn a subset of tumor cells reprograms
the TME

To dissect the mechanisms by which synthetically enforced STINGN'S3S signaling
sensitizes tumor tissues to ICI treatment, we analyzed the TME of mixSTINGN'53S and
WT MC38 tumors under equal growth conditions (see Fig. 13A). For this, we used
cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq) (Stoeckius
et al., 2017). CITE-seq is a single-cell methodology that enables transcriptomic
analysis of individual cells within complex tissues that are pretagged with barcoded
antibodies directed against cellular markers. After labeling the cellular suspensions
from growing tumors ex vivo with a custom-generated antibody panel, we performed
an integrated TME analysis on a joint embedding computed by the variational
autoencoder TotalVI (Gayoso et al., 2021). By clustering the cells in latent space using
modularity maximization, we identified 16 cell population clusters in both TMEs based
on gene expression and antibody-derived tag (ADT) abundance (Fig. 15A, 15B).
Comparing the TMEs of mixSTINGN'33S to WT tumors, we did not detect differences in
the overall composition of either the CD45+ immune or CD45- nonimmune cell
populations (Fig. 15C, 15D). This observation was further validated by FACS analysis
and cellular staining of the TME for CD4 T cells (CD4+), CD8 T cells (CD8+), NK cells
(NK1.1+), DCs (CD11c+) or CD8+ DCs (CD11c+, CD11b-, CD8+) (Fig. 15E).
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Fig. 15. STINGN'53S expression in a subset of cancer cells does not alter the

TME immune composition.

CITE-seq analyses of subcutaneously grown WT and mixSTINGN'33S MC38 tumors. (A) UMAP plot of
annotated clusters displaying the individual clusters. (B) Heatmap displaying the different cell clusters
(y-axis) and the antigen intensity of the antibody-labeled cells (x-axis). (C) UMAP plot displaying the
annotated clusters comparing the WT (gray) vs. mixSTINGN'S3S (blue) conditions. (D) Cellular
composition of cell clusters in WT and mixSTINGN'%3S tumors. E) WT or mixSTINGN'53S MC38 tumor
cells were subcutaneously inoculated into syngeneic C57BL/6 mice, and the percentages (CD4, CD8,
NK, CD11c, CD8+ DCs) of live/CD45+ cells in the tumor were quantified by FACS analysis (n=4-5).

Student’s t-test was used to determine significance (E).
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However, when we performed differential gene expression analysis on the tumor-
infiltrating cells using diffxpy and gene set enrichment using g:profiler on the GO:BP
database, we found enrichment of key antigen processing and presentation pathways,
such as “processing and presentation of endogenous peptide antigens via major
histocompatibility complex class | (MHCI),” as well as IFN signaling signatures like
“response to IFN-B” and “response to IFN-y,” specifically in the mixSTINGN'53S tumors
(Fig. 16A). To identify the cellular clusters contributing to these differential expression
signatures, we next applied an eigengene score approach. Among the strongest
contributors to the enhanced activation of antigen presentation and IFN signaling in
the TMEs of mixSTINGN'33S tumors were several types of APCs, including
macrophages and subsets of DCs, such as MHC |1+ DCs, CD11b+ DCs and pDCs,
along with the CD45- nonimmune cells (Fig. 16B). Notably, the two DC clusters “MHC
I+ DCs” and “CD11b+ DCs” exhibited particularly strong enrichment for antigen
processing and presentation as well as IFN signaling (Fig. 16C). These cells represent
APCs populations that are critical for the initiation of antitumor immunity. In conclusion,
synthetic enforcement of STINGN'53S signaling in a fraction of tumor cells is sufficient

to reprogram the TME of originally “cold” tumors and sensitize these to ICI therapy.
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Fig. 16. STINGN'53S expression in a subset of cancer cells induces inflammatory

TME remodeling.
CITE-seq analyses of subcutaneously grown WT and mixSTINGN1538 MC38 tumors. (A) Differentially
expressed gene sets determined by GSEA by using g:profiler for all GO:BP terms enriched for fewer

than 400 genes considering all clusters. (B) Violin plot displaying how strongly the different clusters
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contribute to the differentially expressed genes observed in Fig. 16A. (C) Differentially expressed gene
sets obtained by GSEA by using g:profiler on all GO:BP terms enriched for fewer than 400 genes
considering only the DC clusters “MHCII+ DCs” and “CD11b+ DCs”.

2.8 STINGN'53S gensitizes tumors to ICI therapy beyond CRC

Checkpoint inhibitors were initially approved by the FDA for melanoma (Hodi et al.,
2010; Hoos et al., 2010). Although the response rates compared to standard
chemotherapeutic regimens have greatly improved the therapy response rates,
resistance or non-responsiveness remains a key challenge (Dhanyamraju and Patel,
2022). To test our novel strategy to sensitize tumors to ICl therapy beyond CRC, we
next investigated the effects of synthetically enforced STINGN'53S signaling on the ICI
therapy responsiveness in melanoma. For this, we generated STINGN'93S-expressing
B16ova tumor cells (as done for MC38 tumor cells) (Fig. 17A). Similarly, we detected
increased Isg15 expression, which indicates that constitutively active STING drives
IFN signaling in murine melanoma cells (Fig. 17B). Next, we used our well-established
subcutaneous tumor model to monitor tumor growth of WT and STINGN'53S-expressing
tumor cells (Fig 17C). Without additional treatment, the two tumor conditions displayed
equal growth, which indicates that the expression of STINGN'53S was not sufficient to
reject the tumors (Fig. 17D). Interestingly, however, when these tumors were treated
with anti-PD-1 and anti-CTLA-4-blocking antibodies, those tumors that contained
STINGN'93S_expressing cells displayed significantly better responsiveness to ICI
therapy (Fig. 17E) and improved survival of the animals (Fig. 17F) compared to
animals bearing WT tumors. In conclusion, synthetically enforced STINGN'53S signaling

also enhances ICl therapy responsiveness in melanoma.
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Fig. 17. Synthetically enforced STINGN'53S signaling promotes ICI therapy
responsiveness in melanoma.

(A\) Electropherogram displaying the sequencing result of the PCR-amplified transgene STINGN'33S from
genomic DNA of B16ova tumor cells. (E) The relative gene expression of Isg15 in WT vs. STINGN1538
B160ova tumor cells was quantified by gPCR. (C) Schematic representation of the experimental setup in
vivo. (D, E) Growth of subcutaneously inoculated WT vs. STINGN'538 B16ova tumors in syngeneic
C57BL/6 mice (D) without treatment (n=4) or (E) treated with anti-PD-1/anti-CTLA-4 (=ICl) (n=8-10)
every three days (black arrows). (F) Survival of mice bearing WT vs. STINGN'%3S B16ova tumors that
were treated with ICI therapy every three days starting on Day 7 after inoculation (n=10). The data
represent n=3 independent experiments (B). The data are presented as the mean + SEM (D, E).

Student's t-test (B, E) or Log-rank (Mantel-Cox) test (F) was used to determine significance.
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3 Discussion

3.1 STING signaling in dMMR cancer cells

Defective MMR promotes the accumulation of unrepaired replication errors, leading to
genome-wide mutations and a high mutational load (Germano et al.,, 2017;
Poulogiannis et al., 2010). Interestingly, recent studies showed that DNA-damage-
induced genomic instability can activate the cGAS-STING pathway by releasing DNA-
containing micronuclei into the cytosol (Harding et al., 2017b; Mackenzie et al., 2017).
By identifying immune-stimulatory pathways in dMMR CRC that could be responsible
for their superior susceptibility to ICl, we demonstrate that dMMR tumors of CRC
patients exhibit an enrichment in IFN and inflammatory cytokine signaling. Using
human primary organoids of dAMMR CRC patients, we show that dMMR triggers IFN
engagement in an epithelial cell-intrinsic manner. Mechanistically, we provide
evidence that defects in the MMR machinery result in an accumulation of DNA in the
cancer cell cytosol, which stimulates the cGAS-dependent production of the second
messenger cGAMP to trigger STING-mediated IFN signaling in cancer cells (Fig. 18,
upper left side). These findings are in line with two independent studies that recently
reported that dMMR in cancer cells engages STING signaling (Guan et al., 2021; Lu
et al., 2021).

The exact mechanism of how defects in MMR couple to cGAS-STING signaling was
further elucidated by Guan and colleagues (Guan et al., 2021). During mismatch repair,
the MutSa and MutLa complex closely interacts with RPA, EXO1, Pold, and LIG1 for
mismatch recognition, DNA excision, DNA resynthesis, and gap ligation (Jiricny, 2006).
Of note, MLH1 is reported to physically interact with EXO1 (Schmutte et al., 1998;
Tishkoff et al., 1998; Tran et al., 2001) and to modulate its nuclease activity (Zhang et
al., 2005). Guan and colleagues showed that loss of MLH1 results in more abundant
and stable EXO1 at the DNA damage site, which leads to excessive DNA digestion
(Guan et al., 2021). Under normal conditions, RPA protects the ssDNA generated
through nuclease-mediated DNA excision (Bhat and Cortez, 2018; Maréchal and Zou,
2015). When MLH1 is missing, however, the abundance of ssDNA exceeds the
capacities of RPA to protect the ssDNA, ultimately leading to the release of nuclear
DNA into the cytosol. Taken together, defects in MMR proteins lead to DNA

hyperexcision by EXO1 and RPA exhaustion, which collectively promotes the release
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of DNA into the cytosol that triggers a cGAS-STING-dependent inflammatory response

in cancer cells.
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Fig. 18. Proposed model: Tumor cell-intrinsic STING signaling controls

antitumor immunity and susceptibility to ICI therapy.

MMR deficiency leads to an accumulation of DNA in the cytosol (cyt. DNA), which is sensed by cGAS
to activate STING-IFN signaling (left, upper arrow). Genetic enforcement of constitutively active
STINGN'33S signaling in pMMR tumor cells leads to enhanced IFN expression even in the absence of
cytosolic DNA danger signals (left, lower arrow). Synthetic enforcement of STINGN'%3S signaling in tumor

cells results in inflammatory remodeling of the TME and increased ICI therapy responsiveness (right).

3.2 STING shapes antitumor immunity and ICI therapy

responsiveness in dMMR tumors

The activation of innate immune pathways is essential for mounting a coordinated
antitumor immune response (Corrales et al., 2017). The presence of TlLs in the tumor
bed, the recognition of tumor antigens, and the tumoricidal activity of effector cells are
prerequisites for successful tumor control. Until recently, it was suggested that dMMR
controls the immunogenic potential of the tumor through genomic instability-driven
neoantigen generation (Germano et al., 2017). Here, we report that tumor cell-intrinsic
STING signaling is critical for controlling tumor growth and shaping an inflamed “hot”

TME with productive antitumor activity, as loss of the cGAS-STING signaling axis
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abolishes the anti-dMMR tumor immune responses. More specifically, MMR deficiency
leads to increased expression of IFNs, cytokines, and chemokines in the TME.
Moreover, cytotoxic effector cells such as CD8+ T cells and NK cells are not only more
abundant but also show greater cytotoxic activity in dAMMR tumors. Thus, loss of
genomic integrity in cancer cells induces an antitumorigenic inflammatory TME via
tumor cell-intrinsic STING activation. These findings are in line with a study from Lu
and colleagues that recently also reported that MLH1-mutated CRC cells engage

STING signaling to mediate antitumor immunity (Lu et al., 2021).

Immune cell trafficking toward the tumor environment is orchestrated by many
messenger molecules, such as chemokines (Nagarsheth et al., 2017; Zumwalt et al.,
2015). We found that the presence of STING in tumor cells of dAMMR tumors was
strictly necessary for the expression of TlL-attracting chemokines such as CCLS5,
CXCL9, CXCL10, and CXCL11. Moreover, blocking CXCR3 (receptor for CXCL9,
CXCL10, and CXCL11) with anti-CXCR3 antibodies in dMMR tumor-bearing animals
resulted in accelerated tumor growth, which supports the critical role of chemokine
signaling in dMMR antitumor immunity. Interestingly, this finding is substantiated by
another study that highlighted the importance of CCL5 and CXCL10 in controlling
antitumor immunity in dMMR tumors (Mowat et al., 2020). Using dMMR tumor cells in
an orthotopic tumor model, Mowat and colleagues showed that the recruitment and
activation of CD8+ T cells into the dMMR tumors depends on the expression of Ccl5
and Cxcl10 (Mowat et al., 2020). Although not shown with a genetic model, these
effects were suggested to be mediated by cGAS-STING-IFN signaling. Together,
these data indicate that STING promotes the expression of key TIL-recruiting
chemokines in the TME of dMMR tumors.

In line with the TIL-attracting chemokines, we found higher frequencies of CD8+ DCs
in dMMR tumors, which was dependent on STING. CD8+ DCs are essential for tumor
antigen cross-presentation, priming of T cells, and production of TIL-recruiting
chemokines. Notably, IFNs are crucial for activating APCs and their antigen cross-
presentation capacity towards CD8+ T cells (Fenton et al., 2021). In line with the effects
of IFNs on APCs, Lu and colleagues showed that STING-IFN signaling in dMMR tumor
cells controlled APCs-mediated cross-priming (Lu et al., 2021). More specifically,

STING in dMMR tumor cells was relevant for optimal epitope-specific T cell
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proliferation and cytokine production in vitro. Using mice that were conditionally
deficient for the type | IFN receptor IFNAR1 in DCs (CD11c-Cre), they furthermore
showed that the anti-dMMR tumor immunity in vivo was dependent on type | IFN
signaling in APCs such as DCs. In line with these data, we also found that blocking
IFNAR1 signaling with anti-IFNAR1 antibodies in dMMR tumor-bearing mice
accelerated tumor growth, which implies a critical role for IFN signaling in dMMR
antitumor immunity. With regard to the interaction of immune with tumor cells, we found
higher frequencies of the tumor-killing CD8+ T cells and NK cells in the TME of dMMR
tumors, which was dependent on STING. IFNs are also crucial for enhancing the
cytotoxic activity of effector cells such as NK cells or CTLs (Fenton et al., 2021).
Indeed, besides being more abundant, we also found that the CTLs and NK cells in
the TME of dMMR tumors were more activated, as shown by the increased expression
of the cytotoxic effector molecules GZMB, PRF1, IFN-y, and TNF. This antitumor
immune activity was dependent on tumor cell-intrinsic STING. Together, this
demonstrates that STING-mediated IFN signaling is essential for recruiting effector
cells into the TME of dMMR tumors and promoting antitumor activity by shaping APCs

and T cell functionality.

Clinically, tumors with “hot” TMEs respond better to ICI therapy (Galon and Bruni,
2019; Herbst et al., 2014; Ochoa de Olza et al., 2020; Ribas et al., 2017). We
demonstrate that tumor cell-intrinsic STING signaling is critical for creating immune-
inflamed “hot” TMEs and promoting T cell-mediated cytotoxicity in dMMR tumors.
Ultimately, this could modulate the success of immune checkpoint blockade in dAMMR
cancers. Indeed, the study by Lu and colleagues showed that STING controls the
responsiveness toward ICls in dMMR tumors (Lu et al., 2021). Interestingly, whereas
the data from Germano and colleagues suggest that the enhanced immunogenicity
and ICIl responsiveness of dMMR tumors is due to increased generation of
neoantigens (Germano et al.,, 2017), Lu and colleagues provided evidence for
neoantigen independence by testing the ICI therapy responsiveness of AMMR tumors
in an antigen-controlled system in which they equipped tumor cells with the ova peptide
and used OVA-specific OT-I T cells that are only able to recognize the ova peptide on
tumor cells (Lu et al., 2021). Taken together, the loss of genomic integrity in dMMR
cancer cells induces an antitumorigenic inflammatory TME and promotes ICI therapy

responsiveness via tumor cell-intrinsic STING activation.
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3.3 Synthetically enforced STING signaling enhances ICI therapy

responsiveness

Based on these insights that STING signaling in dMMR tumors controls ICI therapy
responsiveness, we envisioned that synthetically enforced STING signaling within
tumor cells might be sufficient to create “hot” TME niches in originally “cold” pMMR
tumor tissues. Our strategy to genetically enforce STING signaling in MMR-competent
cancer cells was guided by gain-of-function mutations within the STING molecule that
were originally identified in the germline of SAVI patients who suffer from massive
systemic inflammatory disorders that can lead to premature death (Liu et al., 2014).
These SAVI-STING variants are characterized by point mutations near the STING
dimerization site, which puts the molecule into a constitutively active state that induces

TBK1 downstream signaling (Liu et al., 2014).

Ectopic expression of gain-of-function STINGN'53S was sufficient to induce cell-
autonomous STING signaling in both murine colon cancer cells and human CRC
organoids, even in the absence of MMR deficiency (Fig. 18, lower left side).
Furthermore, STINGN'53S_-expressing cancer cells created “hot” TMEs in vivo that are
characterized by excessive expression of ISGs such as /sg75 and genes encoding
TIL-recruiting chemokines such as Ccl5, Cxcl9, Cxcl10, and Cxcl11, as well as strong
infiltration of activated CTLs and NK cells with expression of activation markers such
PD-1 and cytotoxic effector molecules such as Gzmb, Prf1, Ifn-y, and Tnf. Thus,
synthetically enforced STINGN'33S signaling in cancer cells is sufficient to induce the
inflammatory cues needed to recruit and prime CTLs in the tumor tissue, even without
a hypermutator phenotype (Fig. 18, right side). Consistently, STINGN'53S-expressing
tumors are rejected in immunocompetent but not in immunodeficient mice. In light of
the differential activation of the downstream pathways IFN, autophagy, cell death, or
NF-kB signaling of STING by different cell types (e.g., myeloid vs. lymphoid cells) (Wu
et al., 2020; Yamashiro et al., 2020), we furthermore equipped tumor cells with the
IFN-inactive STINGN1535/S365A mytant and thereby showed that STINGN'53S gpecifically

triggered STING-IFN mediated antitumor immunity.

Characterization of the TME by single-cell analysis demonstrated that introducing
constitutively active STINGN'53S into only a subset of cancer cells already induces

inflammatory remodeling of the TME. This remodeling includes changes in gene
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expression signatures within defined immune cell subpopulations that indicate
upregulated APCs functionality and antigen processing in DCs. These are critical for
tumor antigen cross-presentation and coupling innate to adaptive immunity.
Consistently, tumors containing STINGN'53S-expressing cancer cells were sensitized
to ICl therapy and displayed superior antitumor immune responses upon anti-PD-1 and
anti-CTLA-4 treatment. The TME of these tumors showed increased frequencies of
DCs and enhanced expression of /112, Ccl5, Cxcl9, and Cxcl10, increased CTLs, and
increased expression of Ifng. Since effective ICI responses require a productive DC:T
cell interaction (Garris et al., 2018), our data provide proof of concept that synthetically
enforced STINGN'53S signaling in tumor cells promotes APCs:CTL crosstalk in the
TME. This crosstalk is characterized by IFN-induced APCs activation, the production
of TlLs-attracting chemokines and cytokines, and CTL priming. Collectively, this
indicates that this strategy could be further explored as a therapeutic concept to
sensitize tumor tissue to ICI. While our study was triggered by the observation that
STING signaling in dMMR CRC promotes antitumor immunity, it is conceivable that
genetically enforced STINGN'53S signaling could also sensitize cancer tissues beyond

CRC, such as melanoma or lung cancer.

Interestingly, genomic instability correlates with ICI therapy benefits in lung cancer and
melanoma (Rizvi et al., 2015; Snyder et al., 2014). Compared to standard
chemotherapeutic regimens, ICl therapies have greatly improved the response rates
in these tumor entities (Ma et al., 2023). However, low immunogenicity, lack of pre-
existing CD8+ T cells in the TME, or loss of STING in the tumor cells still critically
impedes ICI therapy responsiveness (as discussed above). To test our novel strategy
to sensitize ICI non-responsive tumors, we synthetically enforced STINGN'53S signaling
in the melanoma cell line B16ova. Indeed, ectopic expression of the constitutively
active STINGN'93S variant induced IFN signaling in vitro and significantly increased the
ICI therapy responsiveness of animals harboring STINGN'53S tumors, ultimately
improving survival. The critical role of tumor STING in ICI therapy responsiveness is
supported by another study in which radiation-induced STING signaling in melanoma
cells was essential for mediating maximal ICI therapy-driven abscopal antitumor
immune responses (Harding et al., 2017b). This suggests that tumor cell-intrinsic

STING-mediated inflammatory signals are essential in promoting sensitivity towards
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ICI therapy (Fig. 18). Together, these findings provide a rationale for harnessing

STING activity as a therapeutic ICI sensitizer.

3.4 Synthetically enforced STING signaling: a therapeutic strategy

to sensitize tumors to ICI

DNA-damaging tumor therapies such as radiation, cisplatin chemotherapy,
topoisomerase |l inhibitor (e.g., etoposide), or PARP inhibitor (PARPI) treatments
generate cytosolic DNA, which creates inflammatory milieus and promotes antitumor
immunity via the cGAS-STING pathway (Kwon and Bakhoum, 2020; Le Naour et al.,
2020). Given the immune stimulatory capacity of STING, much effort has been put into
developing clinically usable STING agonists (Flood et al., 2019; Motedayen Aval et al.,
2020; Su et al., 2019a). Although various preclinical, phase |, and phase Il clinical
studies are testing new and ever more refined STING agonist designs and
formulations, no candidate agent has made it to phase Il clinical trials yet (Le Naour
et al., 2020; Motedayen Aval et al., 2020). Some shortcomings are systemically
uncontrolled inflammation and cytokine storm, T cell toxicity, or targetability due to
STING downregulation or different STING haplotypes (Motedayen Aval et al., 2020).

Our strategy of TME reprogramming via synthetically enforced STING signaling in
cancer cells could offer several advantages over current TME-modulating approaches
that inject small-molecule STING agonists in vivo (Flood et al., 2019; Motedayen Aval
et al., 2020; Su et al., 2019b). On the one hand, systemic injections of STING agonists
frequently have nonnegligible side effects due to rapid dissemination in the
bloodstream, resulting in a massive induction of inflammatory cytokines with cytokine
storm syndromes (Barber, 2015; Motedayen Aval et al., 2020). Furthermore, small-
molecule STING activators exert unwanted side effects on immune effector cells,
including CD8+ T cells, in which STING signaling blocks proliferation and induces
apoptosis, which disables CTL function (Cerboni et al., 2017; Gulen et al., 2017; Larkin
et al.,, 2017; Wu et al., 2020) or results in the recruitment of suppressor cells and
upregulation of inhibitory molecules such as PD-L1 that impedes the antitumor immune
response (Ahn et al., 2014; Lemos et al., 2016; Liang et al., 2017). On the other hand,

endogenous STING in tumor cells is frequently downregulated or inhibited (Konno et
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al.,, 2018; Song et al., 2017; Xia et al., 2016b, 2016a), resulting in inadequate
pharmacological targetability by small molecules. These mentioned difficulties are
exemplary reasons illustrating that although there are constantly new small-molecule
STING agonist formulations being developed and tested, their success is limited to
early-phase clinical trials since there are no Phase lll trials that have been launched
yet (Le Naour et al., 2020; Motedayen Aval et al., 2020). Our concept of synthetically
enforcing STING signaling selectively in tumor cells could, in principle, overcome these

hurdles.

For clinical translation, several key points need to be addressed. The most important
next step is the development of an effective protocol for STING gene transfer encoding
a constitutively active variant into the tumor cells of patients. One possibility is the
isolation of cancer cells from tumor biopsies, ex vivo manipulation, and reinjection of
engineered STING-expressing cells into the tumor tissues. Alternatively, gene transfer
protocols based on viral vectors such as oncolytic viruses (OVs) (Lawler et al., 2017),
mRNA (Hotz et al., 2021; Tse et al., 2021), or cell-directed lipid nanoparticles (LNPs)
(Miao et al., 2019; Rurik et al., 2022) could be used to express constitutively active
STING variants in tumor cells in vivo. OVs are promising immunotherapeutic agents
that induce selective tumor cell killing and trigger antitumor immunity (Lawler et al.,
2017). OVs enter tumor cells via receptor-mediated mechanisms and replicate well in
the rapidly dividing tumor cells. In 2015, the OV talimogene laherparepvec (T-VEC),
which is an attenuated oncolytic HSV-1 that encodes human granulocyte-macrophage
colony-stimulating factor (GM-CSF), gained FDA approval for use in melanoma (Ott
and Hodi, 2016). Besides herpesviruses, several other virus stains (e.g., adenoviruses,
Vaccinia viruses) are currently tested for immunotherapeutic applications (Lawler et
al., 2017). Thus, OVs could be used to deliver the STINGN'33S transgene into tumor
cells. When it comes to mRNA vaccines, they are non-infectious, there is no anti-vector
immunity, and they can be administered repeatedly (Pardi et al., 2018). Based on the
potent immune responses triggered by mRNA vaccines, there have been efforts to
deliver cytokine-encoding mRNA as a treatment for cancer (Hotz et al., 2021) or using
mRNA-encoded signaling molecules as genetic adjuvant (Tse et al., 2021). Thus,
STINGN1538 could be encoded as mRNA. Finally, LNPs are nanoparticles composed
of lipids and have evolved as competent vehicles for the delivery of a variety of agents,
such as chemotherapeutics, small molecules, and nucleic acid therapeutics (Han et
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al., 2023). Most recently, LNPs have become particularly interesting for their use in
combination with mRNA as LNP-based mRNA vaccines. In the context of boosting
antitumor immunity, LNPs are used to deliver mMRNA encoding tumor antigens, antigen
receptors, adjuvant factors, or therapeutic cytokines and antibodies (Han et al., 2023).
Thus, LNPs could be used as a vehicle to deliver STINGN'53S, for example, encoded
as mRNA. Taken together, because selective activation of STING signaling in cancer
cells is sufficient to reprogram the TME and enhance ICI responsiveness, the delivery
of constitutively active STING variants is a promising TME-modulating strategy to
combine with ICI therapy and hopefully provides additional clinical benefits for cancer

patients.
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3.5 Conclusion and Outlook

The development of ICls revolutionized cancer therapy and brought survival benefits
to patients. In particular, AIMMR CRC patients exhibit much better responsiveness to
ICI therapy than pMMR CRC patients (Le et al., 2015). By exploring mechanisms that
promote superior antitumor immunity in dAMMR CRC, we mechanistically found that
defects in the MMR machinery lead to tumor cell-intrinsic cGAS-STING mediated IFN
responses in vitro. Furthermore, STING signaling was strictly necessary for shaping

an inflamed “hot” TME with productive antitumor immunity in dMMR tumors in vivo.

Aiming to develop strategies to selectively enhance these STING-mediated antitumor
immune responses, which could enhance the susceptibility of immunologically “cold”
and ICl-insensitive tumors to ICI therapy, we equipped pMMR tumor cells with a
constitutively active STINGN'53S variant. We showed that genetically enforced
STINGN1538 gjgnaling in pMMR tumor cells was sufficient to induce potent IFN signaling
in vitro, even without a genome instability-driven ligand. Furthermore, STINGN153S
expression was sufficient to create an inflammatory and immunological “hot” TME and
to sensitize the tumor to ICI therapy. More specifically, we provide proof of principle
evidence that synthetically enforced STING signaling in tumor cells potently shapes
APCs and T cell functionality in the TME by IFN-induced APCs activation, production

of TlLs-attracting chemokines and cytokines, and CTL priming.

Collectively, these findings provide a rationale for modulating tumor cell-intrinsic
pathways by synthetically enforcing STING signaling as a therapeutic concept to
sensitize tumors to ICI therapy. For clinical translation, several aspects, such as
developing an effective protocol for STING gene transfer encoding a constitutively
active variant into the tumor cells of patients, need to be addressed. This, however,

remains the subject of further scientific investigation.
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4 Methods

4.1 Human COADREAD samples (TCGA)

Clinical and mutation analysis data for the Colorectal Adenocarcinoma TCGA
PanCancer Atlas dataset (https://pubmed.ncbi.nlm.nih.gov/29596782/) were
downloaded via the cBioPortal for Cancer Genomics
(https://pubmed.ncbi.nim.nih.gov/22588877). In total, 524 tumor samples with
complete clinical and mutation calling information were available (as of February
2020). Mutation calls for the four genes MLH1, MSH2, POLE, and POLD1 were used
to assign each tumor sample to one of two categories: mismatch repair-proficient
(PMMR), with WT MLH1, MSH2, POLE, and POLD1, and mismatch repair-deficient
(dMMR), with at least one mutation in MLH1, MSHZ2, POLE, or POLD1 (Vornholz et
al., 2023). The mutations considered were missense, nonsense (premature stop
codon), frameshift insertion or deletion, in-frame deletion, and splice-site mutations.
The tumor sample mutation counts reported by TCGA were normalized to a human
whole-exome size of 30 Mbp and reported as the mutation count per Mbp. For the
same 524 tumor samples, the gene expression values for 20,531 genes obtained by
RNA-seq were downloaded via cBioPortal. The siggenes R package (version 1.72.0)
was used to identify genes differentially expressed between dMMR and pMMR tumors.
The differentially expressed genes were ranked by their fold change, and the ranked
gene list was used as input for a pre-ranked GSEA using the fgsea R package (version
1.18.0) against the Reactome gene sets of the MSigDB database (version 7.4) as
available in the msigdbr R package (version 7.5.1). Reactome gene sets with an
adjusted p < 0.05 were plotted in a bubble chart, with one bubble representing one
gene set. The bubble color depicts the normalized enrichment score (NES), while the
bubble size depicts the fraction (Perc) of the number of leading-edge genes as

reported by fgsea over the number of total genes in the gene set.

4.2 Mice

All animal work was conducted in accordance with German Federal Animal Protection
Laws and approved by the government of Upper Bavaria (Regierung von Oberbayern,
Munich, Germany). For murine tumor transplantation experiments, C57BL/6 mice were

purchased from Charles River (CR), and NOD-SCID mice were purchased from the
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Jackson Laboratory (JAX stock #001303). Female 6- to 8-week-old mice were used
for experiments. Tumor size was measured with an electronic caliper every three days
and calculated by the following formula: V= (W?2*L)/2, where W is the width (minor
tumor axis), and L is the length (major tumor axis). Mice were assessed by their general

behavior, outer appearance, body condition (BC) parameters, and body weight.

4.3 Cell culture

The mouse colon adenocarcinoma cell line MC38 was kindly gifted by Bavarian Nordic
and cultured in DMEM (Gibco: 41966-029) containing 10% FCS, 1%
penicillin/streptomycin (P/S), 1% sodium pyruvate (SP), 1% nonessential amino acids
(NEAA), 2% HEPES and 0.05 mM b-mercaptoethanol (bME). The colon carcinoma cell
line CT26 (CRL-2638) was purchased from ATCC and cultured in RPMI-1640
glutamax medium (Gibco: 61870-010) containing 10% FCS, 1% P/S, 1% SP, 1%
HEPES, 4.5g/L glucose. The ova-expressing mouse melanoma cell line B16ova
(Rosenbaum et al., 2019) was cultured in RPMI-1640 glutamax medium containing
10% FCS and 1% P/S. Phoenix-Eco cells and HEK-293T cells were cultured in DMEM
(Gibco: 41966-029) containing 10% FCS, 1% P/S, 1% NEAA, and 1% SP. Organoid
lines (Farin et al., 2023) were maintained in complete tumor expansion medium as
described previously (Schnalzger et al., 2020). All cells were cultured under standard
cell culture conditions at 37 °C in 5% CO2 and 95% humidity. Cells were routinely

tested for mycoplasma contamination.

4.4 Tumor experiments and treatments

MC38 (0.5x108) and B16ova (0.5x10%) tumor cells (mixed 1:1 in PBS:Matrigel
(Corning)) were injected subcutaneously into the flanks of the recipient mice. For
MC38 tumors, tumor-bearing mice were treated with 250 ug anti-PD-1 (clone RPM1-
14)/200 ug anti-CTLA-4 (clone 9H10) (both BioXCell) and for B16ova tumors with
100ug anti-PD-1/100 ug anti-CTLA-4 or equal quantities of the respective isotype
controls rat IgG2a (clone 2A3)/polyclonal syrian hamster IgG (both BioXCell) by
intraperitoneal administration. The mice were treated every three days. For anti-
IFNAR1 and anti-CXCR3 inhibitor experiments, tumor-bearing mice were treated
without or with 200 pug/mouse anti-IFNAR1 (clone: MAR1-5A3; BioXCell) or 200
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pMg/mouse anti-CXCR3 (clone: CXCR3-173; BioXCell) every three days starting on Day

0 after inoculation.

4.5 Gene editing

To generate KO cell lines, single guide RNA sequences were designed using the
CRISPR tool (http://crispr.mit.edu), cloned into the CRISPR/Cas9 system plasmids
pSpCas9(BB)-2A-Puro (PX459) (gift from Feng Zhang, Addgene plasmid #62988) or
pSpCas9(BB)-2A-Neo (gift from Ken-Ichi Takemaru, Addgene plasmid #127762) and
transfected into MC38 tumor cells with Lipofectamine™ 3000 (Thermo Fisher
Scientific). After 24 h, transfected cells were selected with the respective antibiotic for
3-5 days and subsequently seeded in 96-well plates at one cell per well. Expanded

cells were then harvested, and KO was validated by western blotting.

Target sgRNA sequence

MLH1 GATGGTCCGTACGGACTCCC
cGAS CGAGGCGCGGAAAGTCGTAA
STING GTACCCAATGTAGTATGACC

4.6 Retroviral modification of murine tumor cells and human

organoids

Mouse STINGN'53S STINGN193S/S365A gand STINGYWT cDNA variants were cloned into
the MSCV-puro vector (a gift from Tyler Jacks, Addgene plasmid #68469), and the
pMSCV-blasticidin vector (a gift from David Mu, Addgene plasmid #75085) using
standard cloning techniques. MC38 and B16ova tumor cells were transduced with
STING cDNA variant-containing vectors. Retroviral particles were produced with the
Phoenix-Eco packaging cell line. Supernatants were collected 48 h after transfection,
filtered through a 0.45 um filter, and used fresh or frozen at -80 °C. Cells were infected
with the virus in the presence of protaminsulfat (Sigma—Aldrich). Thereafter, cells with
stable expression were selected by the addition of 5 ug/ml puromycin (Invivogen) or
25 pg/ml blasticidin (Invivogen) to the culture medium. The organoid lines (Farin et al.,
2023) were transduced with MSCV-puro-STINGN'33S or as a control with pMSCV-FLIP-
puro-dsRed-GFP-miRNA (gift from Bon-Kyoung Koo, Addgene Plasmid # 32704).
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Retroviral vectors were packaged in HEK-293T cells using pcDNA3.MLVgp
(Schambach et al., 2006) and pCMV-VSV-G (gift from Bob Weinberg, Addgene
plasmid # 8454) following the procedure described in Schnalzger et al. 2019
(Schnalzger et al., 2019). Cells with stable expression were selected by the addition of

1 ug/ml puromycin to the culture medium for two passages.

4.7 In vitro proliferation assay

MC38 tumor cells (5x10°%) were seeded in a flat-bottom 96-well plate. At each time
point, absorbance was measured by using the CellTiter96® AQueuous One Solution Cell

Proliferation Assay kit (Promega) according to the manufacturer’s instructions.

4.8 gPCR

From MC38, CT26, or B16ova tumor cells, RNA was isolated from 10° cells 24 h after
seeding by using the RNeasy Plus Micro Kit (QIAGEN) according to the
manufacturer’s instructions. For organoid lines (Farin et al., 2023), organoids were
seeded in triplicate wells and cultured for 3 days in tumor expansion medium without
puromycin before the medium change and an additional 16 h of culture. Total RNA
was collected using the NucleoSpin-RNA kit (Macherey-Nagel) according to the
manufacturer’s instructions. Tumor tissue was homogenized in gentleMACS M Tubes
(Miltenyi) using a gentleMACS Dissociator (Miltenyi), and then RNA was isolated using
the RNeasy Mini Kit (QIAGEN) according to the manufacturer's instructions. The
concentration of RNA was measured with a NanoDrop. RNA was then reverse
transcribed into cDNA using qScript reagent (Quantabio), and real-time PCR was
performed using Takyon™ No ROX SYBR mix (Eurogentec). The gene expression

levels were calculated by the AACt method and normalized to those of Gapdh.

Target | Forward primer (5 ->3°) Reverse primer (5->3")

Murine primer sequences

Gapdh | AACAGCAACTCCCACTCTTC CCTGTTGCTGTAGCCGTATT
Isg15 GGTGTCCGTGACTAACTCCAT CTGTACCACTAGCATCACTGTG
Cclb GCTGCTTTGCCTACCTCTCC TCGAGTGACAAACACGACTGC

Cxcl9 TCCTTTTGGGCATCATCTTCC TTTGTAGTGGATCGTGCCTCG
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Cxcl10 | CCAAGTGCTGCCGTCATTTTC GGCTCGCAGGGATGATTTCAA

Cxcl11 | GGCTTCCTTATGTTCAAACAGGG | GCCGTTACTCGGGTAAATTACA

Gzmb | CCACTCTCGACCCTACATGG GGCCCCCAAAGTGACATTTATT

Ifng CAGCTCCAAGAAAGGACGAAC GGCAGTGTAACTCTTCTGCAT

Prf1 AGCACAAGTTCGTGCCAGG GCGTCTCTCATTAGGGAGTTTTT

Tnf ATGAGCACAGAAAGCATGATC TACAGGCTTGTCACTCGAATT

1112 TGGTTTGCCATCGTTTTGCTG ACAGGTGAGGTTCACTGTTTCT

Murine primer sequences for cytosolic DNA quantification

Gapdh | CAACTGCTTAGCCCCCCTGG GCAGGGTAAGATAAGAAATG

Human primer sequences

GAPDH | AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC

ISG15 | GCGAACTCATCTTTGCCAGTA CCAGCATCTTCACCGTCAG

4.9 Inhibitor treatment

A total of 10° MC38 cells were seeded in a flat-bottom 96-well plate. The cells were
treated with 10 yM TBK1 inhibitor (Invivogen) or control medium for 16 h. Total RNA
was collected using an RNeasy Plus Micro Kit (QIAGEN) according to the
manufacturer’s instructions. Organoid fragments were generated by dissociation and
seeding in Growth Factor Reduced Matrigel® (Corning) and cultured for three days
before the medium change and addition of 10 yM TBK1 inhibitor or control complete
tumor expansion medium for an additional 16 h. The experiments were performed in
triplicate wells, and RNA was collected using a NucleoSpin-RNA kit (Macherey-Nagel)
according to the manufacturer’s instructions. For anti-IFNAR1 inhibitor experiments,
RNA was isolated from MC38 tumor cells 24 h after treatment with 30 pg/ml anti-
IFNAR1 (clone: MAR1-5A3; BioXCell) by using the RNeasy Plus Micro Kit (QIAGEN)
according to the manufacturer’s instructions. gPCR was performed as described in the

“qPCR” section.

4.10 Isolation of cytosolic DNA

After 48 h of culture, the cytosolic fraction of 5x108 MC38 tumor cells was isolated by
using a mitochondrial isolation kit (Thermo Fisher Scientific) as reported (Lu et al.,

2021). The manufacturer's protocol was followed until the cytosolic fraction was
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obtained. Then, DNA from the cytosolic fraction was isolated using a QIAGEN DNeasy
blood and tissue kit (QIAGEN) according to the manufacturer’s instructions. The DNA
amount was measured with a QubitTM 4 using a Qubit 1x dsDNA HS assay kit
following the manufacturer’s instructions. To quantify the relative amount of DNA in the
cytosolic fraction, gPCR with primers specific for genomic DNA was performed as
described in the “gPCR” section. The relative DNA amount was calculated by

normalization to the DNA amount of the WT condition.

4.11 Enzyme-linked immunosorbent assay (ELISA)

After 24 h of culture, 2.5x10% MC38 tumor cells were washed with ice-cold PBS and
harvested in M-PER Buffer (Thermo Scientific), and lysates were clarified by
centrifugation at 20,000 x g/4 °C for 10 min, stored at -80 °C or used freshly. cGAMP
ELISA was then performed according to the manufacturer’'s instructions (Cayman
Chemical). To measure IFN-B in the cell culture medium, MC38 tumor cells were
cultured for 48 h, and the supernatants were harvested and stored at -80 °C or used
fresh. Then, mouse IFN-B ELISA was performed according to the manufacturer's

instructions (PBL Assay Science).

4.12 Immunoblotting

Cells were washed with ice-cold PBS and harvested in RIPA buffer (Sigma—Aldrich)
supplemented with protease inhibitors, 10 mM NaF, and 4 mM NasVOa4 (Calbiochem).
The lysates were clarified by centrifugation at 20,000 x g at 4 °C, and the protein
concentration was determined with the Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific). Fifteen micrograms of sample was denatured with NUPAGE™ LDS Sample
Buffer (Thermo Fisher Scientific) for 10 min at 70 °C, subsequently separated on a
10% polyacrylamide gel, transferred onto a nitrocellulose membrane (Cytiva), blocked
with 5% nonfat dry milk in TBST buffer (0.1% Tween 20) for 1 hour and probed with

the following primary and secondary antibodies:

Target Company
MLH1 Abcam (ab92312)
cGAS Cell Signaling (#31659)
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STING Cell Signaling (#13647)
STING Cell Signaling (#50494)
Phospho-STAT1 Cell Signaling (#8826)
Phospho-STAT1 Cell Signaling (#9167)
STAT1 Cell Signaling (#9172)
HSP60 BD Biosciences
Anti-mouse IgG-HRP Cell Signaling
Anti-rabbit IgG-HRP Cell Signaling

Visualization was performed by using Pierce™ ECL Western blotting substrates

(Thermo Fisher Scientific).

4.13 Sample preparation — flow cytometry

For FACS analysis, MC38 mouse tumors were cut into small pieces, dissociated using
a mouse tumor dissociation kit (Miltenyi) with a gentleMACS™ Octo Dissociator
(Miltenyi), and filtered through 100 ym and 30 um strainers. Then, immune cells were
isolated from the resulting single-cell suspension using the mouse CD45 (TIL)
MicroBeads (Miltenyi) with a MACS Separator (Miltenyi). For intracellular cytokine
staining, cells were incubated with 100 nM phorbol 12-myristate 13-acetate (PMA),
1 uM ionomycin (both Sigma—Aldrich), and brefeldin A (Biolegend) for 4 h at 37 °C.
The cells were then stained with a fixable viability dye (eBioscience). After blocking
with anti-CD16/32 and anti-CD16.2 (both Biolegend), the following fluorochrome-

coupled antibodies were used for flow cytometric analysis:

Marker Fluorophore Clone
CD45 PerCP-Cy5.5 30F-11
TCRb APC-Cy7 H57-597
CD4 PE-Cy7 GK1.5
CD8 FITC 53-6.7
IFN-y PE XMG1.2
PD-1 BV421 — ef450 29F.1A12
NK1.1 APC PK136
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CD11c BV785 N418
CD11b AF700 M1/70
CD19 BUV395 1D3

Data were collected with an LSRFortessa (BD Bioscience) and analyzed using FlowJo

(BD Bioscience).

4.14 RNA-seq

After 24 h of culture, RNA was isolated from 10° MC38 tumor cells by using an RNeasy
Mini Kit (QIAGEN) according to the manufacturer's instructions. Next, library
preparation for bulk sequencing of poly(A)-RNA was performed as described
previously (Parekh et al., 2016). Briefly, the barcoded cDNA of each sample was
generated with Maxima RT polymerase (Thermo Fisher) using oligo-dT primers
containing barcodes, unique molecular identifiers (UMIs), and an adaptor. The ends of
the cDNAs were extended by a template switch oligo (TSO), and full-length cDNA was
amplified with primers binding to the TSO site and the adaptor. An NEB Ultrall FS kit
was used to fragment cDNA. After end repair and A-tailing, a TruSeq adapter was
ligated, and 3’-end fragments were finally amplified using primers with lllumina P5 and
P7 overhangs. In comparison to the method of Parekh et al. (2016) (Parekh et al.,
2016), the P5 and P7 sites were exchanged to allow sequencing of the cDNA in read1
and barcodes and UMIs in read2 to achieve better cluster recognition. The library was
sequenced on a NextSeq 500 (lllumina) sequencer with 63 cycles for the cDNA in
read1 and 16 cycles for the barcodes and UMIs in read2. The data were processed
using the published Drop-seq pipeline (v1.0) to generate sample- and genewise UMI
tables (Macosko et al.,, 2015). The reference genome (GRCm38) was used for
alignment. Transcript and gene definitions were used according to GENCODE Version
M25. Differential gene expression was assessed with the DESeq2 package (Love et
al., 2014) in R (version 3.6.2). Pre-ranked GSEA was performed with the gseapy
python package (version 0.10.1) (Fang et al., 2022) by using the Reactome pathway

database.
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4.15 CITE-seq

4.15.1 Sample and library preparation

For both the pure WT MC38 and mixSTINGN'33S conditions, three subcutaneously
grown tumors (see “Tumor experiments and treatments” section) were harvested, and
the isolated cells were pooled into one sample; labeled with CITE-seq antibodies
against CD45 (clone 30-F11), CD3 (clone 17A2), CD4 (clone RM4-5), CD8a (clone 53-
6.7), CD11b (clone M1/70), CD11c (clone N418), NK1.1 (clone PK136), CD19 (clone
6D5), Ly6C (clone HK1.4), Ly6G (clone 1A8), F4/80 (clone BM8), I-A/E-I (MHC II)
(clone M5/114.15.2), CD279 (PD-1) (clone RMP1-30), and CD274 (PD-L1) (clone
MIHG6), and enriched for live/CD45+ cells by sorting (BD FACSAria™ Fusion). For each
genotype, CD45* and CD45- cells were pooled in a 1:1 ratio. Sorted cells were then
washed once with PBS + 2% FCS and subsequently counted to determine the exact
cell number. The fraction of dead cells was estimated by trypan blue staining. The
pooled cell suspensions were immediately used for single-cell RNA-seq with feature
barcoding library preparation with a target recovery of 10,000 cells. Libraries were
prepared using the Chromium Single Cell 3' Reagent Kit v3.1 (10X Genomics, PN-
1000269) and the 3’ Feature Barcode Kit (10X Genomics, PN-1000262) according to
the manufacturer’s instructions. All libraries from gene expression and feature
barcoding were pooled and sequenced according to 10X Genomics’ recommendations
on an lllumina NovaSeq6000 system with a target read depth of 50,000 reads/cell gene

expression libraries and 5,000 reads/cell for feature barcoding libraries.

4.15.2 Raw data processing

The raw read data were mapped to version GRCm38 release 101 with Cellranger.

4.15.3 Quality control and preprocessing

Count data tables were loaded into and analyzed in Scanpy (Wolf et al., 2018) (version
1.7.2) according to a recently published best-practices pipeline (Luecken and Theis,
2019). Quality control of the mapped data was performed separately for ADT and for
RNA data based on the joint distribution of count depth and the number of genes
expressed. The ADT data were filtered to a minimum of 800 and a maximum of 15,000
counts, and the RNA data were filtered to a minimum of 200 and a maximum of 10,000
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genes. Only cells passing both thresholds were retained for downstream analysis,
leaving a dataset of 4,086 cells that passed this filtering. To make the cellular profiles
comparable and remove the effects of sequencing depth, we normalized the RNA and
ADT data. The RNA data were normalized using the scran pooling method (Lun et al.,
2016) via the computeSumFactors() function implemented in the Scran package
(version 1.14.1) and subsequently log+1 transformed. ADT data were normalized
using the Seurat implementation (Hao et al., 2021) (version 3.0.2) of centered log ratio

transform, clr:

X, .1, XD
clr(x) llng(x), s ln s

where g(x) is the geometric mean of the vector, x represents the cells and i to D

represent all ADT features.

4.15.4 Clustering and annotation

To generate the joint embedding of the protein and the RNA data, TotalVIl (as
implemented in scvi-tools version 0.13.1) (Gayoso et al., 2021) was used with the
parameters n_layers=2 and latent_distribution="normal’. A k-nearest neighbor graph
was computed on the latent space generated by TotalVI using the Euclidean norm to
compute the k=15 nearest neighbors via the Scanpy function sc.pp.neighbors. To
visualize the data, a UMAP (Mclnnes et al., 2020) representation (package: umap-
learn, version 0.5.1) was computed on this neighborhood graph. Cells were clustered
with the Leiden algorithm (package: leidenalg, version 0.8.7) (Traag et al., 2019) on
that neighborhood graph, using resolution=1. The clusters were then annotated jointly
using the protein and the RNA data. To make the results of this analysis comparable
to the results from FACS data, the clusters were annotated predominantly on the basis

of the protein abundance levels.

4.15.5 Differential expression analysis

Due to the small number of cells per cell type and the small total expression changes,
we first tested differential expression over all cell types. Differential expression
between the WT and the SAVI mutant was tested with Diffxpy (version
0.7.4+18.gb8c6ae0) (“theislab/diffxpy,” 2022). Diffxpy fits a negative binomial model to
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the raw count data and allows the addition of covariates into the model. Here, we fit
the model:

Y ~ 1 + condition,

where the condition is either a WT or STINGN'53S mutant in a one-hot encoded
covariate. Furthermore, we add the size factors from Scran as an offset to the model.
The differential test was performed via a Wald test over the condition covariate per
gene for all genes expressed in at least 50 cells in the tested cluster. Multiple testing
correction was performed via the Benjamini-Hochberg method (Benjamini and
Hochberg, 1995). Differentially expressed genes were filtered to a corrected p value
below 0.05.

4.15.6 Gene set scoring

As described, per cell type, differential expression tests did not have enough power.
To still identify the population from which the differential expression signature comes
from, singular value decomposition (SVD)-based scoring was used by computing a
PCA on the significantly upregulated genes and using the first component of the PCA
as the score (Langfelder and Horvath, 2007), according to the equation:

X=UzVT

Here, X represents the gene expression matrix size n x m, where n are the signature
genes and m are the cells. U and V are m x m and n x n orthogonal matrices and % is
a rectangular diagonal matrix. We then use the first column of U as a signature score.
We then ranked the cell populations based on the difference of the mean score
between the WT and the SAVI mutant. Gene set enrichment was done with g:profiler
(package gprofiler-offical, version 1.0.0) (Raudvere et al., 2019) on all GO:BP
(releases/2021-05-01) terms that are larger than 400 genes. Filtering on gene set size
was performed to exclude too general terms. All genes expressed in the dataset were
used as the background.
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4.16 Statistical analyses

Statistical analyses were performed using GraphPad PRISM. The statistical tests are
described in the respective figure legends. In short, unpaired two-tailed Student's
t-test (comparison of two groups), ordinary one-way ANOVA combined with Dunnett's
multiple comparison test (comparison of more than two groups), and log-rank (Mantel—
Cox) test were used. The data are presented as the mean + SD if not stated otherwise.
P < 0.05 was considered to indicate statistical significance (* p < 0.05; ** p < 0.01; ***
p <0.001; **** p <0.0001).
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8 Table and Figure list

Fig. 1. The MMR pathway.

Fig. 2. The cGAS-STING pathway.

Fig. 3. Mismatch repair deficiency triggers IFN signaling in human CRC.

Fig. 4. MMR deficiency drives tumor cell-intrinsic IFN signaling.

Fig. 5. cGAS-STING mediates IFN signaling in dMMR CRC.

Fig. 6. STING signaling in dMMR CRC controls tumor growth.

Fig. 7. STING signaling in dMMR CRC promotes antitumor immunity.

Fig. 8. The dMMR antitumor response requires IFNAR1 and CXCR3 signaling.

Fig. 9. Constitutively active STINGN'53S drives IFN signaling in pMMR CRC.

Fig. 10. STINGN'53S gpecifically triggers STING-mediated IFN signaling.

Fig. 11. Synthetically enforced STINGN'53S signaling controls tumor growth.

Fig. 12. Synthetically enforced STINGN'53S signaling promotes antitumor immunity.
Fig. 13. Tumor cell-intrinsic STINGN'53S sensitizes to ICl therapy.

Fig. 14. Tumor cell-intrinsic STINGN'%3S enhances ICI therapy-mediated antitumor
immunity.

Fig. 15. STINGN'53S expression in a subset of cancer cells does not alter the TME
immune composition.

Fig. 16. STINGN'33S expression in a subset of cancer cells induces inflammatory TME
remodeling.

Fig. 17. Synthetically enforced STINGN'53S signaling promotes ICI therapy
responsiveness in melanoma.

Fig. 18. Proposed model: Tumor cell-intrinsic STING signaling controls antitumor

immunity and susceptibility to ICI therapy.
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