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Summary

Telomerase is an attractive target for anti-tumor therapy as it is almost universally expressed in
cancer cells. Here we show that treatment with a telomere-targeting drug, 6-thio-2’-
deoxyguanosine (6-thio-dG), leads to tumor regression through innate and adaptive immune-
dependent responses in syngeneic and humanized mouse models of telomerase-expressing
cancers. 6-thio-dG treatment causes telomere-associated DNA damages that are sensed by
dendritic cells (DCs) and activates the host cytosolic DNA sensing STING/IFN-1 pathway,
resulting in enhanced cross-priming capacity of DCs and tumor-specific CD8" T cell activation.
Moreover, 6-thio-dG overcomes resistance to checkpoint blockade in advanced cancer models.
Our results unveil how telomere stress increases innate sensing and adaptive anti-tumor immunity
and provide strong rationales for combining telomere-targeted therapy with immunotherapy.
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In Brief:

Mender et al. show that cancer cells treated with the nucleoside analog 6-thio-2’-deoxyguanine (6-
thio-dG) undergo telomere stress and release DNA that is sensed by dendritic cells via STING-
interferon signaling, which in turn activate CD8* T cells. 6-thio-dG synergizes with immune
checkpoint inhibitors.
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Introduction

Immunotherapies have revolutionized the treatment of many cancers in the immuno-
oncology field (Brahmer et al., 2012; Hodi et al., 2010; Ribas and Wolchok, 2018; Topalian
etal., 2012). The most commonly used immunotherapies are PD-L1/PD-1 checkpoint
blockades that have been approved by the FDA for advanced cancers such as melanoma and
non-small cell lung cancer (Garon et al., 2015; Ribas et al., 2016; Rizvi et al., 2015b;
Socinski et al., 2018). Despite the success of immunotherapies, many patients do not
respond well to these therapies due to the immune suppressive tumor microenvironment,
tumor immunogenicity and the emergence of primary and adaptive resistance (Chen and
Han, 2015; Gide et al., 2018). Although recent studies show that the abundance of tumor
mutations and neoantigens partially dictate cancer patient responses to checkpoint blockade,
there are still considerable numbers of patients with high mutations and neoantigens that do
not respond well (Le et al., 2017; Mandal et al., 2019; Rizvi et al., 2015a), suggesting
neoantigens are not sufficient for provoking anti-tumor immune responses. Therefore, there
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is an urgent need to identify other factors for better immune responses and to develop new
approaches to improve patient overall survival.

The generation of effective anti-tumor adaptive immune responses require tumor antigen
presentation by antigen presenting cells, whose activation heavily rely on adequate innate
sensing. Innate sensing is often provided by danger signals such as high mobility group box
1 protein, extracellular ATP and tumor DNAs released from stressed tumor cells (Kroemer et
al., 2013; Pitt et al., 2017). Recent studies highlight the importance of cytosolic DNA
sensing in radiation and DNA damaging therapies (Deng et al., 2014; Sen et al., 2019). The
presence of DNA in the cytoplasm, for example, in the form of micronuclei (small DNA
containing organelles) that lose nuclear envelop membranes can trigger immune responses.
Micronuclei are the products of chromosome damage as a result of genotoxic stress and
chromosome missegregation during cell division (Fenech et al., 2011). The cytosolic DNA
sensor cGAS recognizes micronuclei and converts GTP (guanosine triphosphate) and ATP
(adenosine triphosphate) into second messenger cGAMP (cyclic GMP-AMP) (Wu et al.,
2013). Then the adaptor protein Stimulator of IFN Gene (STING) binds to cGAMP
(Ablasser et al., 2013; Diner et al., 2013; Gao et al., 2013; Zhang et al., 2013). This complex
process activate TANK-binding kinase 1 (TBK1) and IFN regulatory factor 3 (IRF3) (Liu et
al., 2015; Tanaka and Chen, 2012) and further activate the downstream transcription of type
I IFNs and other cytokines (reviewed in (Li and Chen, 2018)), ultimately increases innate
sensing.

Eukaryotic linear chromosomes are capped by special structures called telomeres
(TTAGGG), which are essential to maintain chromosomal stability (reviewed in (Blackburn,
1991)). Telomeres constitute the final ~10 kb of all human chromosomes and the final 12-80
kb of all mouse chromosomes (Lansdorp et al., 1996; Zijimans et al., 1997). In all somatic
human cells, telomeres shorten with each cell division due to the end replication problem
and the absence of a telomere maintenance mechanism (reviewed in (Greider, 1996)).
However, unicellular eukaryotes, germline cells and immortal cancer cells maintain their
telomeres at a constant length almost always by activating the enzyme telomerase (Greider
and Blackburn, 1985; McEachern and Blackburn, 1996; Morin, 1989; Nakamura et al.,
1997; Singer and Gottschling, 1994; Yu et al., 1990). Telomerase is a reverse transcriptase
enzyme that elongates telomeres by adding TTAGGG repeats to the ends of chromosomes
and is expressed in ~90% of human tumors, but not in most normal cells (Shay and
Bacchetti, 1997). Therefore, telomerase is an attractive target to develop anti-cancer
therapies.

The nucleoside analogue, 6-thio-2’-deoxyguanosine (6-thio-dG), is an effective therapeutic
approach in the cancer field. Its incorporation into de novo synthesized telomeres by
telomerase is known to induce damage on telomeric DNA (Mender et al., 2015a). This
results in rapid tumor shrinkage or growth arrest in many tumor-derived xenograft models
with minimal side effects (Mender et al., 2018; Sengupta et al., 2018; Zhang et al., 2018).
The most important advantage of this telomere-targeted therapy over direct telomerase
inhibitors is that 6-thio-dG does not have a long lag period for tumor killing effects.
Additionally, it does not directly inhibit telomerase but is preferentially recognized by
telomerase over other polymerases and incorporated into the telomeres resulting in an
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immediate DNA chain termination. Importantly, its effect is independent of initial telomere
length by hijacking tumor telomerase to make unstable telomeres (Mender et al., 2015b).

In this study, we aimed to explore whether 6-thio-dG that induces telomere stress in
telomerase positive cancer cells could initiate rapid DNA damage for innate sensing. We
used syngeneic wild type and genetic deficient mice to evaluate how 6-thio-dG triggers
innate sensing and how it contributes to host anti-tumor immunity. Importantly, we
demonstrate that 6-thio-dG overcomes PD-L1 blockade resistance in advanced tumors.

The therapeutic effect of 6-thio-dG depends on CD8* T cells.

All previous studies with xenograft models showed that intensive daily treatment with 6-
thio-dG over 10 days could partially control tumor growth in many tumor models (Mender
et al., 2015a; Mender et al., 2018; Zhang et al., 2018). However, the potential role of this
drug on interaction between tumors and the adaptive immune system is unknown. In order to
explore whether 6-thio-dG induces telomere-based DNA sensing for T cell responses, we
first determined the inhibition of cell viability by 6-thio-dG on telomerase-positive murine
colon cancer cells (MC38) in immunocompetent host. MC38 tumor cells are sensitive to 6-
thio-dG with an IC50 concentration of 370 nM (Figure 1A). We also confirmed 6-thio-dG
sensitivity in MC38 cells by a separate colony formation assay. MC38 cells treated with 6-
thio-dG every three days for 13 days, resulted in less than 50% of the cells forming colonies
with 0.5 UM 6-thio-dG treatment (Figures 1B and 1C). To evaluate whether 6-thio-dG
reduces tumor burden in syngeneic mouse models /n vivo, we subcutaneously inoculated
MC38 cell into immunocompetent wild-type (WT) C57BL/6 mice. Seven days after tumor
inoculation (when the tumor volume was ~ 100 mm3), 3 mg/kg 6-thio-dG was administrated
daily for only three days and tumor growth was significantly reduced (Figure 1D) compared
to the control tumor. This was not a unique response to MC38 tumor model as we also
observed cell viability inhibition /n vitro and significant tumor growth delay /7 vivoin
telomerase-positive LLC (Lewis lung murine carcinoma derived from the C57BL/6 mouse)
and CT26 (Colon murine carcinoma derived from the BALB/C mouse) tumor models with
only three days treatment (Figures SIA-S1D).

Because we administered 6-thio-dG for such a short duration compared to the intensive
dosing strategy in xenograft models (5 mg/kg, daily for two weeks) and achieved better anti-
tumor effect in the syngeneic mouse models, we speculated that 6-thio-dG might have an
immune stimulatory role /n vivo. Therefore, we inoculated tumors on RagZ KO mice that
cannot generate mature T and B cells. Indeed, the therapeutic effect of 6-thio-dG was
completely diminished (Figure 1E), indicating adaptive immune cells are largely required
for tumor control /n vivo. To find out which subset of T cells contributes to the 6-thio-dG-
mediated anti-tumor effect, we depleted CD4* or CD8* T cells while giving 6-thio-dG
treatment and observed a marginal influence of CD4* T cell depletion (Figure 1F). However,
depletion of CD8* T cells completely abolished the therapeutic effect of 6-thio-dG (Figure
1G). Together the data can be interpreted to suggest an essential role of CD8* T cells in 6-
thio-dG treatment.
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6-thio-dG treatment increases tumor-specific T cell response.

As the therapeutic effect of 6-thio-dG depends on T cells, we reasoned that 6-thio-dG
treatment might change immune cell expansion in the tumor microenvironment. To test this,
we analyzed the number of tumor infiltrating lymphocytes (TILs) 6 days after the last of
three daily doses of 6-thio-dG treatment. We found an increase in the frequency of CD3* T
cells and CD8* T cells in TILs after 6-thio-dG treatment (Figures 2A, S2A and S2B). We
also observed a significant upregulation of CD8* T cell proliferation indicated by elevated
Ki67 expression (Figure 2B), but no significant changes of Treg cells (Figure S2C).
Although tumor infiltrating NK cells were also increased, we did not see an impact of NK
cell depletion on the therapeutic effect of 6-thiodG (Figures S2D and S2E). Together with
our CD8 depletion experiments, this suggests that NK cells are not essential but CD8* T cell
responses are required in 6-thio-dG mediated anti-tumor effects.

We further tested the antigen-specific T cell response after 6-thio-dG treatment by using the
MC38-OVA tumor model, which allows tracking of antigen specific T cells in the tumor
tissue. Indeed, we observed increased tumor-specific CD8* T cells in tumors 6 days after 6-
thiodG treatment (Figure 2C). We also observed enhanced tumor-specific cytotoxic T cell
responses in the MC38 tumor model by measuring IFN-y producing T cells after 6-thio-dG
treatment (Figures 2D and 2E). To directly assess the capacity of T cells to produce IFN-y /n
vivo, we utilized IFN-y YFP reporter mice that allow tracking of IFN-y producing T cells
with YFP expression (Reinhardt et al., 2009). 6-thio-dG treatment significantly increased
YFP* T cells in the tumor, suggesting enhanced IFN-y production ability of T cells (Figures
2F and S2F). The hallmark of an adaptive immune response is the formation of memory that
initiates a rapid recall response when the same antigen appears. To determine if 6-thio-dG
treatment induces a memory response, mice with completely regressed tumors after 6-thio-
dG treatment were rested for 5 weeks and re-challenged with the same MC38 tumor but with
10 times more tumor cells on the opposite flank (left flank), and LLC tumor cells were
inoculated as control on the right flank. When naive mice (never exposed to MC38 cells or
6-thio-dG) were injected with the same number of MC38 cells, the tumors grew
aggressively. Remarkably, all tumor-free mice by 6-thio-dG treatment spontaneously
rejected re-challenged MC38 tumors. In contrast, the control LLC tumors grew at a similar
rate in naive versus 6-thio-dG cured mice (Figure 2G), demonstrating the induction of
antigen-specific immune memory protection after 6-thio-dG treatment.

6-thio-dG treatment enhances the cross-priming capacity of dendritic cells.

Antigen cross-presentation by antigen presenting cells (APCs) such as DCs or macrophages
accounts for the tumor-specific CD8" T cell activation. To explore which APC subset
contributes to 6-thio-dG induced T cell activation, we first used anti-CSF1R antibody to
deplete macrophages. We found that 6-thio-dG worked even better in macrophage depleted
group (Figure 3A), which can be explained by the additive effect of the removal of immune
suppressive tumor associated macrophages. BATF3 (basic leucine zipper ATF-like
transcription factor 3)-dependent DCs are critical for the priming of antigen-specific CD8* T
cells (Broz et al., 2014; Edelson et al., 2010). 6-thio-dG treatment in Batf3 deficient mice
partially delayed tumor growth but was significantly less effective compared with WT mice
(Figure 3B). Noticeably, 60% of WT mice were completely tumor free but none of mice
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were tumor free in Batf37~ mice (Figure 3C), suggesting an important role of BATF3-
dependent DCs in the therapeutic effect of 6-thio-dG.

To directly demonstrate that 6-thio-dG treatment enhances cross-priming capacity of DCs,
we co-cultured 6-thio-dG pretreated MC38-OVA tumor cells with bone marrow derived DCs
(BMDCs) overnight. Then the DCs were purified and co-cultured with naive OT-1
transgenic CD8™ T cells that express the TCR with the specificity to recognize the
OVA57_264 €pitope. We observed a significant increase of IFN-y production by CD8* T
cells in the 6-thio-dG treatment group (Figure 3D), which indicates an increased cross-
priming capacity of DCs after 6-thio-dG treatment. Because IFN-I signaling promotes the
cross-priming capacity of DCs (Diamond et al., 2011; Le Bon et al., 2003; Sanchez-Paulete
et al., 2017), we tested the production of IFN-p by DCs after co-culturing them with 6-thio-
dG treated tumor cells. Indeed, IFN-B production significantly increased in the 6-thio-dG
treatment group, indicating increased innate sensing of DCs (Figure 3E). We further
investigated whether the IFN-I pathway is essential for 6-thio-dG-mediated anti-tumor
effect. Using /fnarI™~ mice, we showed that the loss of IFN-I signaling in the host abolished
the anti-tumor effect of 6-thio-dG (Figure 3F), indicating the indispensable role of IFN-I
signaling in 6-thio-dG treatment.

STING signaling in the host is required for 6-thio-dG induced innate sensing.

Tumor cells under stress might release danger-associated molecular patterns (DAMPS) to
engage TLR/Myd88 pathways in APCs and initiate IFN-1 signaling. Tumor-derived DNAs
can also trigger the cytosolic DNA sensing cGAS/STING pathway and activate IFN-I
pathways (Deng et al., 2014; Li et al., 2019). To further delineate which upstream pathway is
essential in 6-thio-dG triggered IFN-I signaling activation in host cells, we inoculated MC38
tumors into Myd88~~and Tmem173”~ (Tmem173encodes STING) mice. 6-thio-dG
treatment controlled tumor growth well in My@88~~ mice but completely lost efficacy in
Tmem173~~ mice (Figures 4A and 4B), suggesting an essential role of host STING
signaling in 6-thio-dG triggered innate sensing. We further investigated whether 6-thio-dG
treatment activates the host STING / IFN-I pathway. We observed an increase of TBK1
phosphorylation in DCs after co-culture with 6-thio-dG pretreated tumor cells and the
phosphorylation was completely diminished in 7/mem173 KO DCs (Figure S3A). 6-thio-dG
treatment induced IFN-B production in DCs in a STING-dependent manner (Figure S3B).
As previous studies reported that tumor-intrinsic STING signaling is critical in innate-
sensing inducing cancer therapies (Sen et al., 2019; Vanpouille-Box et al., 2017), we tested
whether tumor-intrinsic STING signaling also contributes to 6-thio-dG treatment efficacy.
We used CRISPR/Cas9 to knock out 7mem173and Mb21d1 (Mb21d1 encodes cGAS) in
MC38 tumor cells. In contrast to other studies, tumor-intrinsic STING signaling played a
non-essential role, as 6-thio-dG treatment still controlled tumor growth in mice bearing
Tmem173 KO and Mb21d1 KO tumor cells (Figures 4C and 4D).

We then sought to determine how 6-thio-dG treated tumor cells trigger innate sensing in
DCs. Since 6-thio-dG is a telomere-targeting drug, 6-thio-dG induced telomere stress might
contribute to innate sensing of DCs by releasing DNAs. Therefore, we first analyzed
telomere stress by the TIF (Telomere dysfunction Induced Foci) assay and showed that 6-
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thio-dG induced telomere damages in MC38 cells (Figures 4E and 4F). Since telomeres are
only a small fraction of genomic DNA (~1/6000) any co-localization of telomeres with DNA
damage is significant. We also observed similar increases of TIFs in 6-thio-dG treated tumor
tissues from MC38-tumor bearing mice (Figures S3C and S3D). 6-thio-dG also induced
interphase bridges between the two daughter cells during telophase and since many
contained telomere sequences, this may explain why many micronuclei containing telomere
signals when cells re-entered interphase after mitosis (Figure S3E). These cytosolic
fragments formed micronuclei with fragile nuclear envelopes (Figures S3E and S3F), which
can be eventually recognized as a danger signal. These DNA fragments are released from the
cells and can be taken up by DCs.

To substantiate this hypothesis, we treated HCT116, a human colon cancer cell line, with 6-
thio-dG and co-cultured them with mouse BMDC for 4 h, and then we isolated DCs and
extracted cytosolic DNA. The short-time co-culture of a human tumor cell line with mouse
BMDCs allowed us to distinguish DNAs from different origins. We found an increase of
human DNAs (MT-CO1 and human 18S) in the cytosol of mouse DCs after 6-thio-dG
treatment, which suggests that DNAs from the tumors enter the host DCs (Figure 4G). To
determine if 6-thio-dG treatment increases the uptake of unique telomeric DNAs by DCs, we
labeled tumor cells with EAU, then washed the cells. Next, we treated with 6-thio-dG, then
washed cells again. Finally, we co-cultured tumor cells with DCs and then isolated the DC
for analysis. Among DCs had the uptake of tumor DNAs (EdU* DC) in the cytosol, we
observed an increase of telomere co-localization with EdU after 6-thio-dG treatment,
suggesting a significant uptake of tumor derived telomeric DNAs (Figures S3G and S3H).
Together, we demonstrated that 6-thio-dG triggers innate sensing through the activation of
the host cytosolic DNA sensing STING/IFN-I pathway.

6-thio-dG overcomes PD-L1 blockade resistance in advanced tumors.

While 6-thio-dG treatment activated CD8* T cells, it also upregulated PD-1 expression in
the frequency of total CD8* T cells and on per cell basis (Figure 5A). PD-1 is a co-
inhibitory molecule that limits T cell activation. The elevated PD-1 expression might
eventually inhibit the cytotoxic CD8" T cell function after 6-thio-dG treatment. Therefore,
we reasoned that combination of 6-thio-dG with PD-1/PD-L1 blockade might augment the
overall anti-tumor immune response, especially in the advanced tumor setting which harbors
a more immune suppressive microenvironment containing multiple resistance mechanisms
that limit single treatment efficacy. Since 6-thio-dG single treatment was only effective in
relatively small tumor sizes ~ 100 mm3, for advanced tumor treatment we let the tumor sizes
reach to 150-200 mm? and then treated with 6-thio-dG and/or anti-PD-L1 treatment. In such
advanced cancers, tumor volume is difficult to control with two daily treatments with 6-thio-
dG or by two treatments with anti-PD-L1 (Figure 5B). However, sequential administration
of 6-thio-dG and anti-PD-L1 completely inhibited the tumor growth (Figure 5B).
Remarkably, only mice in the combination treatment group achieved a 100% survival rate
(Figure 5C), showing a synergistic effect of 6-thio-dG treatment with PD-L1 blockade. In
addition, we did not observe any body weight loss of mice in the combination treatment
group (Figure S4A). We further analyzed the tumor-specific T cell response in draining
lymph nodes (dLNs) and found that the anti-PD-L1 treatment had little effect on T cell
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activation in advanced tumors. In contrast, combination therapy significantly increased IFN-
vy production compared to other groups. The immune response was MC38 tumor specific as
there were almost no IFN-vy spots in the control LLC tumor stimulation group (Figure 5D).

MC38 is known to be an immunogenic tumor model. To test if the combination therapy can
also overcome PD-L1 blockade resistance in less immunogenic tumor models, we employed
the mouse LLC tumor model that has been reported to be resistant to PD-L1 blockade
(Bullock et al., 2019; Li et al., 2017). Consistent with previous reports, single treatment with
anti-PD-L1 had no therapeutic effect (Figure 5E). Notably, combination of 6-thio-dG with
anti-PD-L1 significantly reduced mouse tumor burden and 40% of mice eventually
completely rejected tumors (Figure 5E). We re-challenged tumor-free mice 6 weeks after
tumor regression to check the memory response. All combination treated mice
spontaneously rejected LLC tumors but not MC38 tumors, suggesting a long lasting tumor-
specific immune memory (Figure 5F). Based on these results, 6-thio-dG treatment
overcomes PD-L1 blockade resistance in advanced tumors. This will potentially benefit
PD-1/PD-L1 blockade resistant patients in the clinic.

6-thio-dG reduces human colon cancer burden in a humanized mouse model.

Previous studies showed high TERT (the catalytic subunit of the telomerase) expression
patients have poor clinical outcomes in various cancers such as non-small cell lung cancer
and B cell chronic lymphocytic leukemia (Terrin et al., 2007; Wang et al., 2002). We thus
analyzed colorectal adenocarcinoma patients from the TCGA database and found patients
with abnormal high expression of TERT had significantly worse overall survival rates
compared to the colon cancer patients with low TERT expression (Figure 6A). To directly
demonstrate whether 6-thiodG induced telomere stress can benefit cancer patients in a more
clinically relevant model, we developed a humanized mouse model with NSG-SGM3 mouse
which has human SCF-1, GM-CSF and IL-3 transgenic expression that support the better
development of human myeloid cells. We reconstituted the human immune system in NSG-
SGM3 mice with human CD34* hematopoietic stem cells (HSCs). 12 weeks after HSCs
transfer, the humanized mice had an average of over 60% human CD45" cells and over 20%
human T cells among human CD45* cells in circulation (Figures SSA-S5C). Then we
inoculated HCT116, a human colon cancer cell line that is sensitive to 6-thio-dG treatment
with an 1C50 of 0.73 uM (Figure 6B), into NSG-SGM3 control mice and humanized NSG-
SGM3 mice. The control group of humanized mice had similar constitution of human
immune cells with 6-thio-dG treated group before treatment started (Figures S5B and S5C).
After three doses of 6-thio-dG treatment, immunocompromised mice did not have
significant difference compared to control group (Figure 6D). Remarkably, the humanized
mice significantly delayed tumor growth with 6-thio-dG treatment (Figures 6C and 6E). We
then tested a human melanoma cell line A375 that is sensitive to 6-thio-dG in vitro (Figure
S5D). We did not observe any effect in immunocompromised NSG-SGM3 mice since we
provided a relatively short-time 6-thio-dG treatment (Figure S5E). Notably, we found a
treatment with two doses of 6-thio-dG partially delayed tumor growth in humanized mice. In
addition, combination with checkpoint blockades further reduced tumor burden, suggesting
pretreatment with 6-thio-dG sensitizes human tumors to checkpoint blockades (Figure S5F).
Given that humanized mice only partially restore human immunity due to missing some
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immune cells and limited number of human T cells, it is not surprising that we did not
observe complete tumor regression.

Overall, our data can be interpreted to support that 6-thio-dG induces telomerase-dependent
DNA damage and increases tumor DNAs taken up by DCs. The increased cytosolic DNAs
trigger the DC-intrinsic STING/IFN-1 pathway, resulting in enhanced cross-priming capacity
of DCs and subsequent tumor-specific T cell activation. Moreover, 6-thio-dG overcomes
PD-L1 blockade resistance in advanced tumors. Our study identifies 6-thio-dG as a unique
immune stimulatory drug that will potentially benefit a wide population of cancer patients in
the clinic.

Discussion

High telomerase expression in tumor cells is recognized as a poor prognostic factor for
cancer development (Zhang et al., 2018). Here, we report a previously undefined role of a
telomerase dependent telomere targeting therapy (6-thio-dG) in inducing anti-tumor immune
responses in syngeneic colon and lung mouse models and humanized mouse cancer models.
This effect is mediated through triggering the cytosolic DNA sensing STING/IFN-I pathway
in DCs, which ultimately enhances the cross-priming capacity of DCs and subsequent tumor
specific T cell activation. This is a remarkable finding since telomerase is a universal tumor
marker and it can potentially be applied to many other telomerase positive cancers.
Moreover, sequential administration of 6-thio-dG and anti-PD-L1 overcomes PD-L1
resistance in PD-L1 blockade resistant tumors, suggesting the combination therapy can
benefit PD-L1 resistant patients in the clinic.

Current dogma is that 6-thio-dG treatment kill tumor cells mainly by impairing telomeres
and inducing DNA damage. Our study demonstrates that this drug also controls tumors
largely depending on DNA sensing and T cell responses. Most previous studies use
xenograft models without an intact immune system. In these models, they can only study
tumor intrinsic effects or part of the innate immune responses. Even though these might be
important factors, T cells are essential for long-term tumor control. In addition, most
previous studies tend to use high dose or intensive dosing strategies that directly kill tumor
cells more efficiently but actually dampen immune responses, either due to the toxicity to
immune cells or the non-immunogenic death of tumor cells (Galluzzi et al., 2017; Kroemer
et al., 2013). Also, these intensive dosing strategies often lead to the emergence of tumor
resistance mechanisms. In the present study, we took advantage of syngeneic mouse models
with intact immune systems and humanized mouse model with more clinical relevance to
fully evaluate the impact of lower doses and shorter treatment regimens with 6-thio-dG on
host immune responses in tumor bearing mice. This discovery that 6-thio-dG is an immune
stimulatory drug might allow the design of better combinational treatments including
immunotherapy to amplify initial immunity.

Accumulating studies show that tumor DNA mediated innate sensing is critical for the
induction of anti-tumor immune responses and the STING/IFN-I pathway is primarily
involved in initiation of anti-tumor immune response, but whether host or tumor autonomous
STING is more essential depends on different treatment regimens (Deng et al., 2014; Li et
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al., 2019; Qiao et al., 2017; Sen et al., 2019; Vanpouille-Box et al., 2017; Woo et al., 2014).
This discrepancy is likely to be explained by the relative STING activation strength of hosts
versus tumor cells, for example, tumor cells might have STING pathway suppression or low
activity (Xia et al., 2016). We demonstrated that the 6-thio-dG treatment triggered innate
sensing is host STING signaling dependent as 6-thio-dG completely lost its efficacy in
Tmem173 deficient mice but not in 7mem173 deficient tumors. Since STING signaling in
MC38 tumors is active, one explanation is after 6-thio-dG treatment, tumor intrinsic STING
was activated but most tumor cells died, so little type I IFN can be produced. Another
possibility is that there might be an intrinsic mechanism that limits STING activation in
tumor cells, which still remains poorly defined. Recent reports showed STING signaling can
also be involved in autophagy activation, which is less likely to contribute to the therapeutic
effect of 6-thio-dG (Gui et al., 2019; Nassour et al., 2019) since we did not see activation of
autophagy in tumor cells after 6-thio-dG treatment (data not shown). Also, 6-thio-dG lost
efficacy in /fnarl deficient mice, suggesting the involvement of IFN I signaling. However,
STING activation of autophagy is IFN I signaling independent.

Compared to the general DNA damage induction approaches, for example, radiation therapy
or chemotherapy that non-selectively induce DNA damage in all proliferating cells, one
unique feature of 6-thio-dG is the specific induction of telomere-associated DNA damage in
telomerase expressing cells, primarily tumor cells, but not affecting immune cells and other
telomerase-silent somatic cells. Importantly, 6-thio-dG can be preferentially incorporated
into de novo-synthesized telomeres and causes rapid tumor shrinkage. However, direct
telomerase inhibitors function through the inhibition of telomerase activity and rely on the
progressive shortening of telomeres. In contrast, 6-thio-dG takes effect rapidly regardless of
the initial telomere length. This is critical in reducing toxicity compared with a direct
telomerase inhibitor (Gryaznov et al., 2007; Mender et al., 2015b). We show that 6-thio-dG
induced DNA damage is significantly co-localized with telomeres, indicating the formation
of telomere dysfunction induced foci (TIF). Telomeres are only ~1/6000th of genomic DNA
so any TIF is highly significant. Moreover, some TIFs are taken up by DCs and further
trigger STING-dependent IFN I signaling.

Despite the overwhelming success of checkpoint blockade, especially PD-1/PD-L1
blockade, in the clinic, only a minority of patients respond well. Both primary and adaptive
resistances limit clinical benefit of PD-1/PD-L1 therapy (Chen and Han, 2015; Gide et al.,
2018; Zaretsky et al., 2016; Zou et al., 2016). We believe that lack of proper innate sensing
might limit T cell activation inside the tumor microenvironment, therefore combination
therapy of targeting both innate and adaptive immune cells is urgently needed. PD-L1
blockade reinvigorates adaptive immune responses by “releasing the brake”, while 6-thio-dG
induced innate sensing by “adding fuel”. We hypothesized combination of 6-thio-dG with
PD-L1 blockade should augment overall anti-tumor immunity responses. Indeed, our study
showed sequential administration of 6-thio-dG and anti-PD-L1 have synergistic effect in
advanced tumors and in PD-L1 blockade resistant tumors. Further studies should be carried
out regarding optimal combination regimens.

Overall, our results reveal a previously undefined role of 6-thio-dG, a telomerase-dependent
telomere targeting small molecule drug, in potentiating anti-tumor immune responses.
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Mechanistically, 6-thio-dG induces telomere dysfunction and increases cytosolic DNA
release. Importantly, these telomeric DNA fragments are taken up by DCs and activate the
DC intrinsic STING/IFN-1 pathway, resulting in enhanced cross-priming capacity of DCs
and subsequent tumor specific T cell activation. Moreover, our study showing the
remarkable efficacy of sequential administration of 6-thio-dG and anti-PD-L1 in advanced
tumors and PD-L1 blockade resistant tumors provides a strong scientific rationale for
propelling combination therapy into clinical trials. We expect that these findings will be
translated in the near future and benefit more patients in the clinic.

STARXxMethods

Resource Availability

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact Anli Zhang
(Anli.Zhang@UTSouthwestern.edu).

Materials Availability—Unique reagents generated in this study are available with a
MTA.

Data and Code Availability—The 7TERT gene expression data of colorectal
adenocarcinoma was downloaded from TCGA database (https://www.chioportal.org/) for
correlation analysis.

Experimental Model and Subject Details

Mice—Female C57BL/6J, BALB/cJ, Mya88™~, Tmem1737~, Batf3”~and OT-1 CD8" T
cell receptor transgenic mice in the C57BL/6J background and NSG-SMG3 mice were
purchased from The Jackson Laboratory. RagZ~~ mice and IFN-vy reporter mice
(Ifng"™3-1LKY13) on C57BL/6 background were purchased from UT southwestern mice
breeding core. /frarl™" mice were provided by Dr. Anita Chong from the University of
Chicago. All mice were maintained under specific pathogen-free conditions. Animal care
and experiments were carried out under institutional and National Institutes of Health
protocol and guidelines. This study has been approved by the Institutional Animal Care and
Use Committee of the University of Texas Southwestern Medical Center.

Cell lines and reagents—MC38, CT26, LLC A375 and HCT116 cells were purchased
from ATCC. MC38-OVA cells were made by lentiviral transduction of OVA gene. All cell
lines were routinely tested using mycoplasma contamination kit (R&D) and cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% heat-inactivated fetal bovine
serum, 100 U/ml penicillin, and 100 U/ml streptomycin under 5% CO, at 37 °C.

Anti-CD4 (GK1.5), anti-NK1.1 (PK136), anti-CD8 (53-5.8) and anti-CSF1R (AFS98)
mAbs were purchased from BioXCell. Anti-PD-L1 (atezolizumab) and anti-CTLA-4
(Ipilimumab) were kindly provided by UT Southwestern Simmons Cancer Center Pharmacy.
6-thio-dG was purchased from Metkinen Oy. For /n vitro studies, 6-thio-dG was dissolved in
DMSO/water (1:1) to prepare 10mM stock solutions. For in vivo studies, 3 mg/kg 6-thio-dG
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was prepared in 5% DMSO (in 1xPBS) for intraperitoneal injection. Drugs were kept frozen
at —20°C until use.

Method Details

Cell viability assay—*For determination of 1C50 with cell proliferation assays, murine and
human cancer cell lines were screened with 6-thio-dG with a 2 fold dilution series in 8
different points in 96-well plates. Cells were plated 24 h prior to the addition of drug,
incubated for 4-5 days, and assayed using CellTiter 96® Aqueous One Solution Cell
Proliferation Assay according to the manufacturer’s instructions (Promega). Cell number per
well ranged from 1,000 to 10,000 cells per well inversely proportional to doubling times.
Dose response curves were generated and 1C50s calculated using Graphpad Prism. All
samples were analyzed in triplicate and standard deviations are from 2-3 independent
experiments.

Colony formation assay—MC38 cells were seeded in three different concentrations on
six well plates (1000-4000 cells/ well) and treated with various drug concentrations every 3—
4 days. Following 13 days treatment, cells were fixed and stained with 6% glutaraldehyde
(Fisher Scientific) plus 0.5% crystal violet (Sigma) solution. After washing with tap water,
cells were air-dried and images captured using a G-BOX (Syngene, model: G-BOX F3).

Telomere dysfunction Induced Foci (TIF) and micronuclei assays—The TIF
assay was conducted as described (Mender and Shay, 2015). Briefly, cells were seeded into
4-well chamber slides. Next day, cells were treated with 1 uM 6-thio-dG for 24 h (for TIF
assay) or 1 uM 6-thio-dG for 48 h (for micronuclei assay). Slides were then rinsed twice
with PBS and fixed in 4% formaldehyde (Thermo Fisher) in PBS for 10 min. Then, cells
were washed twice with PBS and permeabilized in 0.5% PBST for 10 min. Following
permeabilization, cells were washed and blocked with 10% goat serum in 0.1% PBST for 1
h. y-H,AX (TIF assay) (Millipore) or lamin A/C (micronuclei assay) (Santa Cruz) was
diluted in blocking solution and incubated on cells for 2 h. Following washes with 0.1%
PBST and PBS, cells were incubated with Alexaflour 568 conjugated goat anti-mouse
antibody (Invitrogen) for 40 min, then washed five times with 0.1% PBST. Cells were fixed
in 4% formaldehyde in PBS for 20 min at RT. The slides were sequentially dehydrated with
70%, 90%, 100% ethanol followed by denaturation with hybridization buffer containing
FAM-conjugated telomere sequence-specific peptide nucleic acid (PNA) probe, 70 %
formamide, 30% 2 x SSC, 10% (w/v) MgCl,.6H»0 (Fisher Sci), 0.25% (w/v) blocking
reagent for nucleic acid hybridization and detection (Roche) for 7 min at 80 °C on a heat
block, followed by overnight incubation at RT. Slides were washed sequentially with 70%
formamide (Ambion) / 0.6 x SSC (Invitrogen), 2 x SSC, PBS and sequentially dehydrated
with 70%, 90%, 100% ethanol, then mounted with Vectashield mounting medium with
DAPI (Vector Laboratories). TIF images were captured with a fluorescence microscope
using the 100X magnification and quantified using Image J. Micronuclei images were
captured at 63X magnification with an Axio Imager Z2 equipped with an automatic
metaphase capture system (Coolcubel camera) and analyzed with ISIS software
(Metasystems).
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Detection of DNA in Bone Marrow Derived Dendritic Cells—Cells were labeled
with EdU as described previously (Min et al., 2019). Briefly, 1x 10° MC38 cells were
seeded to 6-well plate and labeled with 25 pM EdU. Two days later, cells were washed out
and treated with 1 pM 6-thio-dG for 24 h. Cells were washed out again and co-cultured with
BMDCs for overnight. Next day, DCs were sorted out with magnetic beads, washed, fixed
and cytospun. Slides were then stained with 6-carboxytetramethlyrhodamine fluorescent
azide (Invitrogen) in fresh homemade EdU-staining solution (PBS containing 1mM CuSQy,
2mM ascorbic acid) for 30min. Slides were then washed vigorously with PBS for at least 1
h, and then telomere FISH steps using a FAM-TelG probe were followed as described in
“Telomere dysfunction Induced Foci (TIF) and micronuclei assays” method parts. Images
were captured at 63X magnification with an Axio Imager Z2 equipped with an automatic
metaphase capture system (Coolcubel camera) and analyzed with ISIS software
(Metasystems).

ImmunoFISH—Deparaffinized tissue sections (5 uM) were incubated in sodium citrate
buffer (10 mM Na-citrate, 0.05 % Tween 20, pH=6.0) at microwave for 20 min to retrieve
antigens. Then tissue sections were rinsed with PBS and dehydrated in 95% ethanol.
Denaturation was conducted with hybridization buffer (as in TIF assay) containing FITC-
conjugated telomere sequence (TTAGGG)s-specific PNA probe for 7 min at 80°C on a heat
block. Slides were washed sequentially with 70% formamide / 0.6 x SSC, 2 x SSC, PBS,
0.1% PBST and incubated with blocking buffer (4 % BSA in PBST) for 30 min. Sections
were incubated with phospho-histone H,AX antibody (Cell Signaling) in blocking buffer at
RT for 1 h and washed with PBST and incubated with Alexaflour 568 conjugated goat anti-
Rabbit antibody in blocking buffer at RT for 1 h. Sections were washed sequentially with
0.1% PBST and PBS. The slides were mounted with Vectashield mounting medium with
DAPI. Images were captured with a fluorescence microscope using a 100X objective. TIFs
were quantified using Image J.

Tumor growth and treatment—A total of 5x10° MC38, 5x10° CT26 or 1x106 LLC
cells were inoculated subcutaneously into right dorsal flanks of the mice in 100 uL
phosphate buffered saline (PBS). Tumor-bearing mice were randomly grouped into
treatment groups when tumors grew to around 100 mm3. For 6-thio-dG single treatment, 3
mg/kg 6-thio-dG was intraperitoneally given on days 7, 8 and 9 in MC38 tumor and LLC
tumor and on days 5, 6, 7 for CT26 tumor. For CSF1R, NK1.1, CD4" and CD8* T cell
depletion, 200 ug of antibodies were intraperitoneally injected 1 day before treatment
initiation and then twice a week for 2 weeks. For PD-L1 blockade combination therapy in
MC38 model, 6-thio-dG was given on days 10 and 11, 50 pg PD-L1 was intraperitoneally
injected on days 13 and 17. For PD-L1 blockade combination therapy in LLC model, 6-thio-
dG was given on days 4, 5, 6, 10 and 11, 200 ug PD-L1 was intraperitoneally injected on
days 8 and 13. Tumor volumes were measured by the length (a), width (b) and height (h) and
calculated as tumor volume = abh/2.

Humanized mouse tumor models—Humanized mouse reconstitution was previously
described (Qiao et al., 2019). Briefly, four-week-old NSG-SGM3 female mice were
irradiated with 100 cGy (X-ray irradiation with X-RAD 320 irradiator) one day prior to
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human CD34* cells transfer. Cord blood was obtained from UT Southwestern Parkland
Hospital. Human CD34* cells were purified from cord blood by density gradient
centrifugation (Ficoll® Paque Plus, GE healthcare) followed by positive immunomagnetic
selection with anti-human CD34 microbeads (Stemcell). 1 x 10° CD34" cells were
intravenously injected into each recipient mouse. 12 weeks after engraftment, humanized
mice with over 50 % human CD45™" cells reconstitution and age and sex matched non-
humanized mice were inoculated with 1 x 108 HCT116 tumor cells subcutaneously on the
right flank. 3 mg/kg 6-thio-dG was intraperitoneally given on days 7, 8 and 9. Tumor
volumes were measured twice a week. Experiments were performed in compliance with
UTSW Human Investigation Committee protocol and UTSW Institutional Animal Care and
Use Committee.

Tmem173 and Mb21d1 KO MC38 cell line—7Tmem173and Mb21d1 genes in MC38
cells were knocked out by CRISPR/Cas9 technology. The guide sequence 5’-
CACCTAGCCTCGCACGAACT-3for Tmem173and 5°-
CGCAAAGGGGGGCTCGATCG-3’for Mb21d1 were cloned into px458 plasmids(non-
integrating plasmid with GFP selecting marker), and then were transiently transfected into
tumor cells using lipofectamine 2000 (Thermo Fisher). 24 h later, GFP positive cells were
sorted and cultured for another one week. Then sorted cells were seeded into 96-well plates.
Another week later, GFP negative clones were passed into 12 well plates, and western blot
was performed to identify the KO clones. Finally, all KO clones were pooled together for
experiments.

IFN-y enzyme-linked immunosorbent spot assay (ELISPOT)—MC38 tumors were
injected subcutaneously on the right flank of C57BL/6. For 6-thio-dG single treatment, 3
mg/kg 6-thio-dG was intraperitoneally given on days 7, 8 and 9; for PD-L1 blockade
combination therapy in MC38 model, 3 mg/kg 6-thio-dG was given on days 10 and 11, 50
ug PD-L1 was intraperitoneally injected on day 11. 7 days after last treatment, tumor
draining lymphoid and spleen from tumor-bearing mice were collected and single-cell
suspension was prepared. Irradiated MC38 tumor cells and control LLC tumor cells were
used to re-stimulate the tumor-specific T cells. 1.5 x 10° draining lymph nodes cells or
splenocytes and 7.5 x 104 irradiated tumor cells were co-cultured for 48 h, and ELISPOT
assay was performed using the IFN-y ELISPOT kit (BD Bioscience) according to the
manufacturer’s instructions. IFN-y spots were enumerated with the CTL-ImmunoSpot® S6
Analyzer (Cellular Technology Limited).

In vitro co-culture of bone marrow dendritic cells (BMDC) and T cells—Single-
cell suspensions of bone marrow (BM) cells were collected from tibias and femurs of
C57BL/6 mice. The BM cells were placed in 10cm dish and cultured with complete RPMI
1640 medium containing 20 ng/mL recombinant mouse GM-CSF (BioLegend). Fresh
medium with was added into the culture on days 3 and 6. The BMDCs were harvested Day
7.CD8* T cells were isolated from lymph nodes and spleens of OT-1 transgenic mice with a
negative CD8" T cell isolation kit (Stemcell). MC38-OVA cells pretreated with 200 nM 6-
thio-dG for 4 h. Then the drug was washed out, tumor cells were continued to culture for 72
h and were harvested on the same day as BMDC harvest. Then MC38-OVA cells were co-
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cultured with BMDC for overnight. Supernatant was collected for IFN- ELISA test (PBL).
BMDCs were sorted with CD11c positive selection kit (Stemcell) and co-cultured with OT-1
CD8* T cells for 48 h. Supernatants were collected and IFN-y was measured by cytometric

bead array assay (BD Biosciences).

Cytosolic DNA extraction and quantitative real-time PCR—HCT116 cells were
pretreated with 500 nM 6-thio-dG for 4 h. Then drug was washed out, tumor cells were
continued to culture for 72 h and harvest on the same day as BMDC harvest. Then HCT116
cells were mixed 1:1 with 1 x 108 BMDC for 4 h. BMDC was purified and divided into two
equal aliquots. One aliquot was extracted for total genomic DNA with Purelink Genomic
DNA kit (Invitrogen) and served as normalization control. The other aliquot was
resuspended in 100 pL cytosolic extract buffer containing 150 mM NaCl, 50 mM HEPES
and 25 mg/mL digitonin (Sigma) and incubated for 10 min at RT for plasma membrane
permeabilization(West et al., 2015). Then cells were centrifuged to pellet intact cells. The
cytosolic supernatants were collected and centrifuged at 120009 for 10 min to pellet the
remaining cellular debris. Then cytosolic DNA was extracted with Purelink Genomic DNA
kit (Invitrogen). Quantitative PCR was performed on both whole-cell extracts and cytosolic
fractions using human DNA primers and mouse DNA primers (Xu et al., 2017).

Tumor digestion—Tumor tissues were excised and digested with 1 mg/mL Collagenase |
(Sigma) and 0.5 mg/mL DNase I (Roche) in the 37°C for 30 min, tumor was then passed
through a 70 um cell strainer to remove large pieces of undigested tumor. Tumor infiltrating
cells were washed twice with PBS containing 2 mM EDTA.

Flow cytometry analysis—Single cell suspensions of cells were incubated with anti-
Fcy1/11 receptor (clone 2.4G2) for 15 minutes to block the non-specific binding before
staining with the conjugated antibodies, and then incubated with indicated antibody for 30
min at 4 °C in the dark. Fixable viability Dye eFlour 506 or eFlour780 (eBioscience) was
used to exclude the dead cells. Foxp3 and Ki67 were stained intracellularly by using True-
Nuclear transcription factor buffer set (BioLegend) following the manufacturer’s
instructions. Data were collected on CytoFLEX flow cytometer (Beckman Coulter, Inc) and
analyzed by using FlowJo (Tree Star Inc., Ashland, OR) software.

Quantitative real-time PCR—Real-time PCR was performed with SsoAdvanced™
Universal SYBR® Green Supermix (Bio-Rad) according to the manufacturer’s instructions
with different primer sets (human MT-CO1, forward primer 5’-
CGCCACACTCCACGGAAGCA-3’, reverse primer 5’-
CGGGGCATTCCGGATAGGCC-3’; human18s rRNA, forward primer 5’-
ACCGATTGGATGGTTTAGTGAG-3’, reverse primer 5’-
CCTACGGAAACCTTGTTACGAC-3’; mouse IFN-B, forward primer 5’-
ATGAGTGGTGGTTGCAGGC-3’, reverse primer 5’-
TGACCTTTCAAATGCAGTAGATTCA-3’; mouse GAPDH, forward primer 5’-
CATCAAGAAGGTGGTGAAGC-3’, reverse primer 5’- CCTGTTGCTGTAGCCGTATT-3%)
mouse GAPDH was used as the internal control. 2"22Ct method was used to calculate
relative expression changes.
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Immunoblotting—BMDC and MC38 treatment were same as “/n vitro co-culture of bone
marrow dendritic cells”. 6 h after co-culture, DC was isolated with CD11c positive selection
kit (Stemcell). Protein sample preparation and immunoblot procedures were performed as
previously described (Liu et al., 2019). Proteins were detected with rabbit monoclonal
antibodies for pSTING (Cell signaling, 72971), STING (Cell signaling, 50494), pTBK1
(Cell signaling, 5483), TBK1 (Cell signaling, 3504). Protein loading was determined with
antibodies against with Cyclophilin A (Cell signaling, 2175). Anti-rabbit was used for
secondary antibody (Cell signaling, 7074). X-ray film (GeneMate, F-9024-8X10) was used
to develop the membranes. Clarity Max Western ECL Substrate (Biorad, 1705062) or
Supersignal West PicoPlus Chemiluminescent Substrate (Thermoscientific, 34577) was used
for chemiluminescent western blot.

Quantification and Statistical Analysis—All the data analyses were performed with
GraphPad Prism statistical software and shown as mean + SEM. P value determined by two-
way ANOVA for tumor growth or Log-rank test for survival or unpaired two-tailed t-tests for
other analysis. A value of p < 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. 6-thio-dG induces telomere-associated DNA damage in telomerase positive
tumor cells
. 6-thio-dG reduces tumor burden in T cell dependent manner in syngeneic

tumor models
. Host STING signaling is required for 6-thio-dG mediated anti-tumor effects

. 6-thio-dG overcomes PD-L1 blockade resistance in advanced tumors
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Significance

Telomerase is almost universally expressed in tumor cells but not in normal cells. The
nucleoside analog 6-thio-dG is directly incorporated into telomeres by telomerase, where
it rapidly induces telomere damage in telomerase-positive cancer cells but not in normal
telomerase silent cells. Unexpectedly, 6-thio-dG induced DNA mediated innate sensing
and activation of immune responses in a host STING-dependent manner, leading to
improved anti-tumor efficacy. Moreover, 6-thio-dG sequentially followed by anti-PD-L1
therapy can completely eliminate advanced tumors in mouse models. Thus, 6-thio-dG is a
unique tumor-targeting and immune-stimulating drug that can benefit telomerase-positive
and PD-L1 resistant cancer patients in the clinic.
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Figure 1. The therapeutic effect of 6-thio-dG depends on CD8" T cells.
(A) Cell viability (1C50) of 6-thio-dG in MC38 cells. Cells were treated with 6-thio-dG for 5

days.

(B and C) Colony formation assay of 6-thio-dG in MC38 cells at indicated doses for 13
days. Cells were treated with 6-thio-dG every 3 days, then fixed and stained with crystal
violet. Representative image of three biological replicates were shown in (B) and the
quantification data was shown in (C).
(D and E) WT (D) or Rag1™~ (E) C57BL/6 mice (n=5) were inoculated with 5x105 MC38
tumor cells and treated with 6-thio-dG (3 mg/kg, days 7, 8, 9).
(F and G) C57BL/6 mice (n=5) were inoculated with 5x10° MC38 tumor cells and treated
with 6-thio-dG (3 mg/kg, days 7, 8, 9). 200 ug of anti-CD4 (F) or anti-CD8 (G) was
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administrated one day before treatment initiation and then twice a week for 3 weeks. Tumor
growth was measured every 3 days.

Data were shown as mean + SEM from two to three independent experiments. P value was
determined by two-tailed unpaired t test (C) or two-way ANOVA (D-G). See also Figure S1.
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Figure 2. 6-thio-dG treatment increases tumor-specific T cell response.
(A and B) C57BL/6 mice (n=4-5) were inoculated with 5x105 MC38 tumor cells and treated

with 6-thio-dG (3 mg/kg, days 7, 8, 9). Six days after last treatment, tumor infiltrating T
cells were analyzed for the frequency of total T cells (A) and Ki67*CD8* T cells (B).

(C) C57BL/6 mice (n=5) bearing MC38-OVA tumor were treated with 6-thio-dG (3 mg/kg,
days 7, 8, 9). Three days after last treatment, tumor infiltrating T cells were analyzed for
OVA specific CD8" T cells with H-2KP-OVA,s57_264 tetramer.

(D and E) Same experiment scheme as in (A), splenocytes were collected and re-stimulated
with irradiated MC38 tumor cells for 48 h. IFN-y producing cells were determined by
ELISPOT assay. Representative spots were shown in (D) and the quantification data (n=5)
was shown in (E).
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(F) IFN-y reporter mice (n=3) were inoculated with 5x10° MC38 tumor cells and treated
with 6-thio-dG (3 mg/kg, days 7, 8, 9). Eleven days after the last treatment, tumors were
minced and digested for flow cytometric detecting of YFP* T cells.

(G) C57BL/6 mice were inoculated with 5x10° MC38 tumor cells and treated with 6-thio-
dG (3 mg/kg, days 7, 8, 9). 5 weeks later, tumor-free mice from 6-thio-dG treated group
(n=5) and control naive mice (n=5) were re-challenged with 5x108 MC38 tumor cells on the
opposite flank (left), and 5x10° LLC tumor cells were injected on the right flank. Tumor
growth was measured every 3 days.

Data were shown as mean + SEM from two to three independent experiments. P value was
determined by two-tailed unpaired t test (A-C, E and F) or two-way ANOVA (G). See also
Figure S2.
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Figure 3. 6-thio-dG treatment enhances the cross-priming capacity of dendritic cells.
(A) C57BL/6 mice (n=5) were inoculated with 5x10° MC38 tumor cells and treated with 6-

thiodG (3 mg/kg, days 7, 8, 9). 200 pg anti-CSF1R was administrated one day before
treatment initiation and then twice a week for 3 weeks.

(B) Batf3”~ mice (n=5) were inoculated with 5x105 MC38 tumor cells and treated with 6-
thio-dG (3 mg/kg, days 7, 8, 9). Tumor growth was measured every 3 days.

(C) Percentage of tumor-free mice in WT and Batf37~ mice (n=5) after 6-thio-dG treatment.
(D) BMDCs were cultured with MC38 tumor cells that were pretreated with 200 nM 6-thio-
dG or vehicle for overnight, and then DCs were purified and co-cultured with naive OT-1 T
cells. 48 h later, supernatant was collected and tested for IFN-y production by cytometric
bead array (CBA).
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(E) BMDC were cultured with MC38 tumor cells that were pretreated with 200 nM 6-thio-
dG or vehicle for 18 h, supernatant was collected for IFN-B ELISA.

(F) Ifnar1-/-mice (n=5) were inoculated with 5x10° MC38 tumor cells and treated with 6-
thiodG (3 mg/kg, days 7, 8, 9). Tumor growth was measured every 3 days.

Data were shown as mean + SEM from two to three independent experiments. P value was
determined by two-way ANOVA (A, B and F) or two-tailed unpaired t test (C-E).
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Figure 4. STING signaling in host is required for 6-thio-dG induced innate sensing.
(A and B) Myd88~~ (A) or Tmem173~~ (B) mice (n=5) were inoculated with 5x10° MC38

tumor cells and treated with 6-thio-dG (3 mg/kg, days 7, 8, 9). Tumor growth was measured

every 3 days.

(C and D) C57BL/6 mice (n=5) were inoculated with 5x10° 7mem173KO (C) or Mb21d1
KO (D) MC38 tumor cells and treated with 6-thio-dG (3 mg/kg, days 7, 8, 9). Tumor growth
was measured every 3 days.
(E and F) MC38 tumor cells were treated with 1 uM 6-thio-dG for 24 h. TIF (Telomere
dysfunction Induced Foci) assay confirms induction of TIFs with 6-thio-dG treatment in
MC38 cells. n=100 (control), n=100 (6-thio-dG). Scale bar: 1 pM..
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(G) BMDCs were cultured with HCT116 human colon cancer cells that were pretreated with
500 nM 6-thio-dG or vehicle for 4 h, then DCs were purified and cytosolic DNASs were
extracted. Relative abundance of MT-CO1 and human 18S in the cytosol of DC were
detected by gPCR. Data were shown as mean + SEM from two to three independent
experiments. P value was determined by two-way ANOVA (A-D) or two-tailed unpaired t
test (F and G). See also Figure S3.
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Figure 5. 6-thio-dG overcomes PD-L1 blockade resistance in advanced tumor models.
(A) C57BL/6 mice bearing MC38 tumor (n=4-5) were treated with 6-thio-dG (3 mg/kg,

days 7, 8, 9). 7 days after first treatment, PD-1*CD8* T cell frequency (left) and PD-1 MFI
(right) were tested.

(B and C) C57BL/6 mice (n=5) were inoculated with 5x10°> MC38 tumor cells and treated
with 6-thio-dG (3 mg/kg, days 10, 11). 50 ug anti-PD-L1 antibody was administrated on
days 13 and 17. Tumor growth (B) and survival capacity (C) were shown.

(D) C57BL/6 mice (n=5) bearing MC38 tumor were treated with 6-thio-dG (3 mg/kg, days
10 and 11) or anti-PD-L1 (2.5 mg/kg, day 10) or combination both treatment. 7 days after
first treatment, draining lymphoid was harvested and stimulated with irradiated MC38 tumor
cells or LLC tumor cells for IFN-y ELISPOT.
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(E and F) C57BL/6 mice (n=5) were inoculated with 1x106 LLC murine lung tumor cells
and treated with 6-thio-dG (3 mg/kg, days 4, 5, 6 and 10, 11). 200 pg anti-PD-L1 antibody
was administrated on days 8 and 13. Tumor growth was measured every 3—4 days (E). Six
weeks later, tumor free mice (n=4) in sequential treatment group and control mice were re-
challenged with 5x108 LLC (right flank) and 5x108 MC38 (left flank) tumor cells. Tumor
growth was measured every 3—-4 days (F).

Data were shown as mean = SEM from two independent experiments. P value was
determined by two-tailed unpaired t test (A, D) or two-way ANOVA (B, E and F) or Log-
rank test (C). See also Figure S4.
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Figure 6. 6-thio-dG reduces human colon cancer burden in a humanized mouse model.
(A) Overall survival in high and low TERT (Telomerase reverse transcriptase, the catalytic

subunit of the telomerase) expression colorectal adenocarcinoma patients from TCGA
database.

(B) Cell viability (IC50) of 6-thio-dG in HCT116 human colon cancer cells. Cells were
treated with 6-thio-dG for 5 days.

(C) The schema for humanized mouse tumor model.

(D and E) NSG-SGM3 mice (n=5) (D) or humanized NSG-SGM3 mice (n=4) (E) were
inoculated with 1x108 HCT116 tumor cells and treated with 6-thio-dG (3 mg/kg, days 8, 9,
10). Tumor growth was measured every 3 days.

Data were shown as mean = SEM from two independent experiments. P value was
determined by Log-rank test (A) or two-way ANOVA (D and E). See also Figure S5.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

InVivoMADb anti-mouse CD4 (GK1.5) BioXcell Cat# BE0003-1
InVivoMADb anti-mouse CD8 (53-5.8) BioXcell Cat# BE0223
InVivoMADb anti-mouse NK1.1 (PK136) BioXcell Cat# BE0036
InVivoMADb anti-mouse CSF1R (AFS98) BioXcell Cat# BE0213
anti-PD-L1 (atezolizumab) Genentech

anti-human CTLA-4 (Ipilimumab) Bristol-Myers Squibb

Anti-mCD45 (Flow cytometry, 30-F11) BioLegend Cat# 103126
Anti-mCD3 (Flow cytometry, 145-2C11) BD Biosciences Cat#564379
Anti-mCDA4(Flow cytometry, RM4-5) BioLegend Cat# 100526
Anti-mCD8 (Flow cytometry, 53-6.7) BioLegend Cat# 100730
Anti-mCD8a (Flow cytometry, KT15) Invitrogen Cat# MA5-16759
Anti-mNK1.1 (Flow cytometry, PK136) BD Biosciences Cat#552878
Anti-mFoxp3(Flow cytometry, MF-14) Biolegend Cat#126408
Anti-mKi67(Flow cytometry, 16A8) Biolegend Cat#652413
Anti-mPD-1(Flow cytometry, 29F.1A12) Biolegend Cat#135224
Anti-hCD45(Flow cytometry, HI30) Biolegend Cat#304021
Anti-hCD3(Flow cytometry, HIT3a) Biolegend Cat#300327
Anti-hCD8(Flow cytometry, HIT8a) Biolegend Cat#300905
Anti-hCD4(Flow cytometry, A161A1) Biolegend Cat#357417

Fixable Viability Dye eFluor™ 506

Thermo Fisher

Cat# 65-0866-18

iTAg Tetramer/PE - H-2 Kb OVA (SIINFEKL) MBL Cat# TB-5001-1
Anti-Fcyll1/11 receptor (clone 2.4G2) BD Biosciences Cat# 553141
Phospho-Histone H,AX (Ser139) Rabbit mAb Cell Signaling Cat# 9718
STING (D2P2F) Rabbit mAb Cell Signaling Cat# 50494
Phospho-STING (Ser365) (D8F4W) Rabbit mAb Cell Signaling Cat# 72971
TBK1/NAK Antibody Cell Signaling Cat# 3504
Phospho-TBK1/NAK (Ser172) (D52C2) XP® Rabbit mAb Cell Signaling Cat# 5483
Phospho-STING (Ser366) (D7C3S) Rabbit mAb Cell Signaling Cat# 19781
Cyclophilin A Antibody Cell Signaling Cat# 2175
Anti-rabbit 1gG, HRP-linked Antibody Cell Signaling Cat# 7074
Lamin A/C Ab (E-1) SantraCruz Cat# 376248
v-H,AX Millipore Cat# 05-636
Chemicals, Peptides, and Recombinant Proteins

TMB Solution (1X) eBioscience Cat# 00-4201-56

Sulfadiazine/ Trimethoprim (Aurora Pharmaceutical LLC)

UTSW- Veterinary Drug
Services

Cat# 302

GE Healthcare Ficoll-Paque™ PLUS Media

Fisher

Cat# 45-001-750
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REAGENT or RESOURCE SOURCE IDENTIFIER
Collagenase type | Sigma Cat# C0130
DNAse | Roche Cat# 11284932001
Recombinant mouse GM-CSF BioLegend Cat# 576306
22?§£boxytetramethIyrhodamine tetramethlyrhodamine fluorescent Invitrogen Cat# T10182
Critical Commercial Assays

BD™ Cytometric Bead Array (CBA) Mouse Inflammation Kit BD Biosciences Cat# 552364
BD Mouse IFN-y ELISPOT Sets BD Biosciences Cat# 551083
Mouse IFN Beta ELISA Kit Cat# 42410
SsoAdvanced Uni SYBR Grn Supmix Bio-Rad Cat# 1725272
True-Nuclear™ Transcription Factor Buffer Set BioLegend Cat# 424401
EasySep™ Mouse CD8* T Cell Isolation Kit STEMCELL Cat# 19853
EasySep™ Human CD34 Positive Selection Kit 1 STEMCELL Cat# 17856
EasySep™ Mouse CD11 c Positive Selection Kit 1 STEMCELL Cat# 18780

PureLink™ Genomic DNA Mini Kit

Thermo Fisher

Cat# K182002

Reasy Mini Kit Qiagen Cat# 74104
Cell Titer-Glo Luminescent Cell Viability Assay Promega Cat# G7571
Blue Lite Autorad Film GeneMate Cat# 9024
Clarity Max Western ECL Substrate Bio-Rad Cat# 1705062
Supersignal West PicoPlus Chemiluminescent Substrate Thermo Fisher Cat# 34577

Deposited data

TERT gene expression TCGA https://www.cbioportal.org/
Experimental Models: Cell Lines

MC38 ATCC

LLC ATCC

CT26 ATCC

HCT116 ATCC

A375 ATCC

Experimental Models: Organisms/Strains

C57BL/6J Jackson Laboratory Cat# 000664
BALB/cJ Jackson Laboratory Cat# 000651
Ragi KO mice UTSW breeding Core

NSG-SGM3 mice Jackson Laboratory Cat# 013062
Batf3”~ mice Jackson Laboratory Cat# 013755
OT-1 mice Jackson Laboratory Cat# 003831
Tmeml73”~ mice Jackson Laboratory Cat# 25805
Myd88~~ mice Jackson Laboratory Cat# 009088

Ifng!m31Lky/ T mice

UTSW breeding Core

Ifnarl™~ mice

Dr.Anita Chong, U
Chicago
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

human Col, forward primer 5’- CGCCACACTCCACGGAAGCA-3 * Sigma
human Col, reverse primer 5’- CGGGGCATTCCGGATAGGCC-3 * Sigma
human18s rRNA, forward primer 5’- ACCGATT GGAT GGTTT AGT Sigma
GAG3* g
human18s rRNA, reverse primer 5’- Sigma
CCTACGGAAACCTTGTTACGAC-3 ¢ g
mouse IFN-p, forward primer 5’- ATGAGTGGTGGTTGCAGGC-3 * Sigma
mouse IFN-B, reverse primer 5’- T GACCTTT CAAAT Sigma
GCAGTAGATT C A-3’ g
mouse GAPDH, forward primer 5’- Sigma
CATCAAGAAGGTGGTGAAGC-3 g
mouse GAPDH, reverse primer 5’- CCTGTTGCTGTAGCCGTATT-3 * Sigma

Software and Algorithms

GraphPad Prism software 7.0

GraphPad Software, Inc.

https://graphpad.com/scientific-
software/prism/

CTL-ImmunoSpot® S6 Analyzer

Cellular Technology
Limited

http://www.immunospot.com/
ImmunoSpot-analyzers

CytExpert

Beckman Coulter, Inc

https://www.beckman.com/coulter-
flow-cytometers/cytoflex/cytexpert

BD FACSAria™ Ill System

BD Biosciences

https://www.bdbiosciences.com/en-us/
instruments/research-instruments/
research-cell-sorters/facsaria-iii

FlowJo

Tree Star Inc.

https://www.flowjo.com/solutions/
flowjo

Cancer Cell. Author manuscript; available in PMC 2021 September 14.


https://graphpad.com/scientific-software/prism/
https://graphpad.com/scientific-software/prism/
http://www/.immunospot.com/ImmunoSpot-analyzers
http://www/.immunospot.com/ImmunoSpot-analyzers
https://www.beckman.com/coulter-flow-cytometers/cytoflex/cytexpert
https://www.beckman.com/coulter-flow-cytometers/cytoflex/cytexpert
https://www.bdbiosciences.com/en-us/instruments/research-instruments/research-cell-sorters/facsaria-iii
https://www.bdbiosciences.com/en-us/instruments/research-instruments/research-cell-sorters/facsaria-iii
https://www.bdbiosciences.com/en-us/instruments/research-instruments/research-cell-sorters/facsaria-iii
https://www.flowjo.com/solu

	Summary
	Graphical Abstract
	In Brief:
	Introduction
	Results
	The therapeutic effect of 6-thio-dG depends on CD8+ T cells.
	6-thio-dG treatment increases tumor-specific T cell response.
	6-thio-dG treatment enhances the cross-priming capacity of dendritic cells.
	STING signaling in the host is required for 6-thio-dG induced innate sensing.
	6-thio-dG overcomes PD-L1 blockade resistance in advanced tumors.
	6-thio-dG reduces human colon cancer burden in a humanized mouse model.

	Discussion
	STAR★Methods
	Resource Availability
	Lead Contact
	Materials Availability
	Data and Code Availability

	Experimental Model and Subject Details
	Mice
	Cell lines and reagents

	Method Details
	Cell viability assay
	Colony formation assay
	Telomere dysfunction Induced Foci (TIF) and micronuclei assays
	Detection of DNA in Bone Marrow Derived Dendritic Cells
	ImmunoFISH
	Tumor growth and treatment
	Humanized mouse tumor models
	Tmem173 and Mb21d1 KO MC38 cell line
	IFN-γ enzyme-linked immunosorbent spot assay (ELISPOT)
	In vitro co-culture of bone marrow dendritic cells (BMDC) and T cells
	Cytosolic DNA extraction and quantitative real-time PCR
	Tumor digestion
	Flow cytometry analysis
	Quantitative real-time PCR
	Immunoblotting
	Quantification and Statistical Analysis


	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table T1

