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Anti-tumor immunity in mismatch repair-deficient
colorectal cancers requires type I IFN–driven CCL5
and CXCL10
Courtney Mowat1, Shayla R. Mosley1, Afshin Namdar1, Daniel Schiller2, and Kristi Baker1,3

Colorectal cancers (CRCs) deficient in DNA mismatch repair (dMMR) contain abundant CD8+ tumor-infiltrating lymphocytes
(TILs) responding to the abundant neoantigens from their unstable genomes. Priming of such tumor-targeted TILs first requires
recruitment of CD8+ T cells into the tumors, implying that this is an essential prerequisite of successful dMMR anti-tumor
immunity. We have discovered that selective recruitment and activation of systemic CD8+ T cells into dMMR CRCs strictly
depend on overexpression of CCL5 and CXCL10 due to endogenous activation of cGAS/STING and type I IFN signaling by
damaged DNA. TIL infiltration into orthotopic dMMR CRCs is neoantigen-independent and followed by induction of a resident
memory-like phenotype key to the anti-tumor response. CCL5 and CXCL10 could be up-regulated by common chemotherapies
in all CRCs, indicating that facilitating CD8+ T cell recruitment underlies their efficacy. Induction of CCL5 and CXCL10 thus
represents a tractable therapeutic strategy to induce TIL recruitment into CRCs, where local priming can be maximized even
in neoantigen-poor CRCs.

Introduction
Colorectal cancer (CRC) is a prevalent and often fatal disease
initiated by loss of either the tumor suppressor APC or the DNA
mismatch repair gene MLH1 (Kloor and von Knebel Doeberitz,
2016; Picard et al., 2020). Whereas APC inactivation promotes
large-scale DNA damage leading to chromosomal instability
(CIN), MLH1 inactivation promotes hypermutability in the form
of genome-wide point mutations and microsatellite instability
(MSI) from deficient mismatch repair (dMMR). Although ac-
counting for only 10–15% of CRCs, dMMR CRCs are of particular
interest due to their potent immune-stimulating capacity and
overall favorable patient outcome (Guinney et al., 2015). These
positive features are commonly attributed to the high tumor
mutation burden (TMB) induced by their hypermutability,
which generates abundant neoantigens that can stimulate
tumor-infiltrating lymphocytes (TILs) to attack (Sahan et al.,
2018). Considerable effort is being invested in identifying immu-
nogenic neoantigens in the genomes of dMMR CRCs, and there is
no doubt that a high TMB contributes to immune activation by
these CRCs (Chae et al., 2019; Maby et al., 2015; Spranger et al.,
2016). However, identifying MSI CRC neoantigens is of limited
therapeutic value to CIN CRC patients since there is little overlap
in the neoantigens of these CRC subtypes due to their different

underlying mutational signatures (Bonneville et al., 2017; Lim
et al., 2017). Fortunately, the observation that dMMR tumors
in other tissues do not have higher immunogenicity or a better
prognosis indicates that a high TMB is neither necessary nor
sufficient to explain these features in dMMR CRCs (Bonneville
et al., 2017; Kim et al., 2020). There is thus a significant benefit
to understanding the antigen-independent mechanisms of im-
mune activation that are orchestrated in the colon microenvi-
ronment by dMMR CRCs and could be developed into therapies
for a wider patient population.

Abundant TIL infiltration directly into the tumor epithelium
is an independent, positive predictive factor in many cancers,
including dMMR CRCs (Bindea et al., 2013; Galon and Bruni,
2020). While the clinical significance of this pattern of TIL
distribution within a tumor is clear, the processes regulating it
are poorly understood. Critical outstanding questions relate to
the source of these TILs, their activation or exhaustion level,
their specificity for tumor neoantigens, and the method of their
recruitment. While systemic CD8+ T cell activation can occur in
cancer, there is also substantial evidence that CD8+ TILs har-
boring a phenotype similar to resident memory T (TRM) cells are
critical mediators of anti-tumor immunity (Low et al., 2020;
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Park et al., 2019;Wu et al., 2020). In addition to their localization
within the diseased tissue and their inherently preprimed state,
TRM cells express the appropriate surface receptors, such as
CD103, for interacting with local epithelial cells (Low et al., 2020;
Park et al., 2019). TILs in dMMR CRCs could thus arise from either
an expansion of the resident intestinal intraepithelial lymphocyte
population or recruitment of systemic T cells into the tumor. This
is an important unresolved question since the former are inher-
ently tolerized by their exposure to the suppressive mucosal im-
mune environment and have a much higher activation threshold
than CD8+ T cells recruited from systemic circulation (Cario, 2008;
MacDonald et al., 2011). Furthermore, the mechanisms for re-
cruiting these two immune populations will differ substantially.

Immune cell recruitment is regulated through a complex
network of chemokines that guide cell trafficking throughout
the body (Kistner et al., 2017; Nagarsheth et al., 2017). T cells in
particular are responsive to a set of chemokines whose pro-
duction is controlled by IFN signaling (Hubel et al., 2019;
Schneider et al., 2014). In most cases, this is initiated by viral
infection of a cell and detection of pathogenic nucleic acids by
intracellular DNA- and RNA-sensing systems such as cGAS/
STING, AIM2, and TLR3 (Schlee and Hartmann, 2016). Numerous
reports indicate that dMMR CRCs up-regulate IFN-stimulated
genes (ISGs), yet what role this plays in TIL infiltration remains
unknown (Llosa et al., 2015; Vanpouille-Box et al., 2018; Lu et al.,
2020; Guan et al., 2021). Additionally, many of these reports have
drawn their conclusions from gene expression analysis of whole
tissue transcripts without correcting for the disproportionately
higher amount of immune cells in the dMMR CRCs (Boissière-
Michot et al., 2014; Russo et al., 2019). Since immune cells express
high levels of IFNs and ISGs, it is unclear if the dMMR CRC cells
themselves or the infiltrated immune cells are the primary source of
high IFN signaling in the unique in vivo setting of the intestine.

In the current study, we used an orthotopic model with iso-
genic CRC cells differing in their MMR capacity to study how
loss of the DNA mismatch repair gene MLH1 regulates antigen-
independent activation and recruitment of CD8+ T cells. This
was driven by overexpression of the IFN-dependent chemokines
CCL5 and CXCL10, which led to preferential recruitment and
retention of systemic, not local, CD8+ T cells into the tumor
epithelium. While activation of this immunogenic gene signa-
ture is endogenous in dMMR CRCs, it can be exogenously in-
duced in CIN CRCs via treatment with type I IFN or DNA-
damaging chemo- and radiotherapies. These findings identify
potential therapeutic targets for inducing T cell infiltration into
CIN CRCs. Given that immune recruitment is necessary for
subsequent antigen-specific T cell–mediated killing, this en-
hanced T cell infiltration will increase the likelihood of TIL ac-
tivation even by tumors with few neoantigens.

Results
Mismatch repair deficiency in CRC induces a chemokine
signature associated with CD8+ T cell recruitment
Immune-associated genes are well-known to be overexpressed
in dMMR CRC, but few studies have investigated the functional
significance of these genes for the anti-tumor immune response

(Guinney et al., 2015; Picard et al., 2020). Furthermore, most
reports are based on whole-tissue transcript analysis, making it
difficult to determine the relative contribution of the CRC cells
themselves to the expression of immune genes in the tissue
(Russo et al., 2019). To better understand the factors governing
TIL recruitment into dMMR CRCs, we examined expression of
various chemokines in data obtained from The Cancer Genome
Atlas (TCGA) PanCancer Atlas dataset (Hoadley et al., 2018). We
noted that two chemokines known to regulate CD8+ T cell traf-
ficking, CCL5 and CXCL10, were more highly expressed in
dMMR CRCs than their CIN counterparts (Fig. 1 A; Boissière-
Michot et al., 2014; Zumwalt et al., 2015). To determine if the
dMMR CRC cells themselves were the primary source of these
chemokines, we generated dMMR and CIN variants of the mu-
rine MC38 CRC cell line by mutating Mlh1 or the CIN-associated
gene Kras, respectively (Fig. S1, A and B). This led to the con-
sistent up-regulation of chemokines CCL5 and CXCL10 specifi-
cally in the dMMR CRC cells (Fig. 1, B–D). To ensure that the
dMMR and CINMC38 cells accuratelymodeled their human CRC
counterparts, we used fluorescence-based reporter plasmids to
verify that the dMMR cells specifically gained instability in re-
petitive microsatellites but did not develop more double-strand
breaks (Fig. S1, C and D). We then subcutaneously injected the
cells into the flanks of immunocompetent WT C57BL/6 mice to
examine the immune profile of the resulting tumors. Consistent
with human CRC types, dMMR tumors contained greater
numbers of CD8+ T cells than CIN tumors (Fig. 1 E). Further-
more, whole tissue transcript analysis confirmed that the dMMR
MC38 CRC tumors expressed greater amounts of CCL5 and
CXCL10 compared with the CIN MC38 CRC tumors (Fig. 1 F). In
contrast, dMMR CRCs did not express more CXCL16, which is
not associated with CD8+ T cell recruitment (Fig. 1, B and F).
These data indicate thatMMR loss in CRC cells up-regulates their
expression of CCL5 and CXCL10, both of which can attract CD8+

T cells, and suggest that directly regulating TIL recruitment is an
important component of dMMR CRC immunogenicity.

Overexpression of CCL5 and CXCL10 by dMMR CRC cells is
essential for recruitment and activation of systemic CD8+

T cells but not for neoantigen-targeted cytotoxicity
Although abundant infiltration of the dMMR CRC tumor epi-
thelium by CD8+ TILs is a defining feature of these CRCs, the
origin of these TILs and their mechanism of recruitment remain
unknown (Baker et al., 2007; Kloor and von Knebel Doeberitz,
2016). Of particular importance is determining if they originate
from the systemic pool of CD8+ T cells or from the resident pool
of immunologically tolerized intestinal T cells. In addition to
their different activation states, these cells have fundamentally
different recruitment mechanisms (Low et al., 2020; Park et al.,
2019; Wu et al., 2020). We first determined if the CCL5 and
CXCL10 produced by dMMR CRCs could recruit systemic CD8+

T cells using Transwell migration assays. Greater numbers of
CD8+ T cells migrated toward supernatant conditioned by
dMMR CRC cells than by CIN CRC cells, and this was signifi-
cantly inhibited with blocking antibodies against either CCL5 or
CXCL10 (Fig. 2 A). We confirmed the importance of CCL5 and
CXCL10 in CD8+ T cell recruitment by knocking down CCL5 and
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CXCL10 in the dMMR MC38 cells. Supernatant from these
chemokine-deficient cells attracted significantly fewer CD8+

T cells than supernatant from the original dMMR CRC cells
(Fig. 2 B and Fig. S1 E). However, cytotoxicity assays with OTI
T cells and OVA-transfected dMMR and CIN CRCs revealed no
role for CCL5 or CXCL10 in T cell activation or antigen-specific
tumor cell killing (Fig. 2 C). Notably, these experiments did
confirm that dMMR CRCs induce both greater antigen-dependent
and antigen-independent CD8+ T cell activation since both OTI
and WT T cells were preferentially activated by dMMR CRC cells
despite the CRC subtypes expressing equivalent total OVA and
surface SIINFEKL-H-2Kb MHC-I complexes (Fig. S1, F–H). To
further explore the origin site and activation mechanism of TILs
by dMMR CRCs, we investigated how effectively dMMR and CIN
MC38 CRC cells could induce migration of CD8+ T cells from
different sources across a Transwell membrane. Whereas splenic
CD8+ T cells were more attracted by conditioned media from
dMMR CRC cells than media conditioned by CIN CRC cells, CD8+

T cells derived from themesenteric lymph nodes (MLNs), which
are the source of intestinal CD8+ T cells, were equally attracted
by both tumor types (Fig. 2 D). This is consistent with our
finding that splenic CD8+ T cells express more CCR5 and CXCR3,

the receptors for CCL5 and CXCL10, respectively, than MLN
CD8+ T cells (Fig. 2 E). Since both our in vivo experiments and
patient data indicated that TILs in dMMR CRCs are more acti-
vated than those in CIN CRCs, we investigated if dMMR CRCs
are superior at stimulating CD8+ T cells from each of these lo-
cations. After coculturing splenic or MLN CD8+ T cells with the
CRC cells for 24 h, only the splenic CD8+ T cells were preferen-
tially activated by dMMR CRC cells (Fig. 2 F). We further noted
that dMMR CRCs can directly induce expression of CCR5 and
CXCR3 on CD8+ T cells, which may facilitate both their initial
recruitment and subsequent retention (Fig. 2 G). Collectively,
these data suggest that the abundant TILs in dMMR CRCs result
from selective recruitment and activation of systemic CD8+ T cells
in a CCL5- and CXCL10-dependent manner. This finding high-
lights the fact that dMMR CRCs use both neoantigen-dependent
and -independent mechanisms to activate CD8+ T cell–mediated
anti-tumor immunity.

Orthotopic dMMR CRCs use CCL5 and CXCL10 to efficiently
recruit systemic CD8+ TILs
T cell migration is a complex process involving tissue homing
factors, adhesion to extracellular matrices of varying composition

Figure 1. Mismatch repair deficiency in CRC induces a chemokine signature associated with CD8+ T cell recruitment. (A) Chemokine expression in
dMMR CRCs and CIN CRCs from the TCGA PanCancer Atlas. (B) dMMR and CIN models of the MC38 mouse CRC cell line were created by mutating Mlh1 and
Kras, respectively. Chemokine expression in the cell lines was assessed by qPCR. n = 3 repeats. (C and D) Chemokine secretion was analyzed by cytokine bead
array of the cell supernatants (C) or Western blotting (D) of lysates from three different clones of dMMRMC38 cells and two different clones of CIN MC38 CRC
cells. Clones 1 were used in all subsequent experiments. n = 3 repeats each. (E) Infiltration of CD8+CD3+ T cells into subcutaneously injected dMMR and CIN
MC38 CRC tumors was assessed by flow cytometry. n ≥ 4 mice per group, four repeats. (F) Chemokine expression was assessed by qPCR on whole tissue
transcripts isolated from subcutaneous dMMR and CIN CRCs. n ≥ 4 mice per group, four repeats. dMMR versus CIN: *, P ≤ 0.05; **, P ≤ 0.01; *** P, ≤ 0.005.
RPKM, reads per kilobase million.
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and cell–cell interactions. The only way to study such a complex
process is using in vivo models where tumors grow in their en-
dogenous tissue environment. We thus orthotopically implanted
the dMMR and CIN MC38 CRC cells directly into the colonic wall
ofWT C57BL/6mice via noninvasive endoscopic injection in order
to observe immune cell infiltration in tumors growing in their
native environment (Roper et al., 2018; Zhao et al., 2017). dMMR
CRC tumors were consistently smaller than CIN CRCs and con-
tained both more total CD8+ TILs and more IFN-γ+ activated TILs
than their CIN counterparts (Fig. 3, A and B). As reported for CRC
patient tissues, transcript analysis of whole tumor tissue indicated
that dMMR orthotopic CRCs expressed more CCL5 and CXCL10,
but not CXCL16, than did their CIN counterparts (Fig. 3 C). We did
not observe differences in tumor infiltration by, or activation of,
macrophages, granulocytes, natural killer cells, or CD4+ T cells,
suggesting that differential recruitment by dMMR CRC was lim-
ited to CD8+ T cells and could be orchestrated by the tumor cells
themselves (Fig. S2). We furthermore confirmed the importance
of CCL5 and CXCL10 for recruiting CD8+ TILs into dMMR CRCs by
orthotopically injecting CCL5- and CXCL10-deficient dMMR CRC
cells. These chemokine-deficient tumors contained significantly
fewer CD8+ T cells, and far fewer of these expressed IFN-γ, in-
dicating a lower activation potential in the absence of these
chemokines (Fig. 3 D). To gauge the relative importance of TIL
recruitment versus TIL activation in dMMR-mediated anti-tumor
immunity, we isolated CD8+ T cells from the spleens or MLNs of
mice bearing either dMMR or CIN orthotopic CRCs, labeled them
with CFSE, and adoptively transferred them into recipient mice
with orthotopic dMMR or CIN CRCs. 48 h later, tumors in dMMR
CRC-bearing recipients had recruited more spleen-derived, but
notMLN-derived, TILs regardless of whether theywere primed in
dMMR or CIN donor mice (Fig. 3 E). This clearly highlights the
superior ability of dMMR CRCs to recruit systemic CD8+ T cells
regardless of their antigen specificity. Although it failed to reach
statistical significance, we consistently observed that more TILs
from dMMR than from CIN donors were recruited into dMMR
CRCs, indicating that systemic CD8+ T cells primed by dMMR
tumors also have a superior ability to home to CRCs than do those
primed by CIN CRCs (Fig. 3 F).

Figure 2. CCL5 and CXCL10 expression is essential for the recruitment
and activation of systemic CD8+ T cells by dMMR CRCs. (A) CD8+ T cell
migration through a Matrigel-coated 5.0-µm Transwell insert toward su-
pernatant conditioned for 24 h by dMMR or CIN MC38 CRCs. Anti-CCL5,
CXCL10, or isotype control antibodies were added at 2.0 µg/ml 30 min before
T cells were added. Migrated cells were quantified after 2 h by flow cy-
tometry. n = 5 repeats. (B) CD8+ T cell migration toward supernatant

conditioned by dMMR, CIN, or dMMR cells deficient in either CCL5 or CXCL10.
n = 3 repeats. (C) OTI CD8+ T cells were cultured with OVA-transfected
variants of dMMR and CIN CRC cells at a 5:1 ratio for 48 h. T cell activation
was measured by intracellular IFN-γ staining, and cytotoxicity was measured
by caspase (Casp) 3/7 cleavage. Anti-CCL5, CXCL10, or isotype control was
added at 2.0 µg/ml 30 min before T cells were added. WT CD8+ T cells
isolated from C57BL/6 mice were used as controls. Representative data
from n = 3 repeats. (D) Migration of CD8+ T cells isolated from the spleen
or MLNs toward supernatant conditioned by dMMR or CIN CRCs. Represen-
tative data from n = 4 repeats. (E) Baseline chemokine receptor expression on
CD8+ T cells isolated from the spleen or MLNwas assessed by flow cytometry
directly after isolation. n ≥ 3 mice per group, four repeats. Spleen versus MLN:
*, P ≤ 0.05. (F) Activation of CD8+ T cells isolated from the spleen or MLN and
co-cultured at a 5:1 ratio with dMMR or CIN CRC cells for 24 h. CD8+ cells
were isolated, and IFN-γ expression was quantified by qPCR. n = 3 repeats.
(G) Expression of CCR5 and CXCR3 on CD8+ T cells co-cultured with dMMR or
CIN CRC cells for 24 h. CD8+ cells were isolated, and IFN-γ expression was
quantified by qPCR. n = 3 repeats. (A–E and G) dMMR versus indicated bar.
*, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001.
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dMMR CRCs up-regulate TRM markers on infiltrating TILs
To better understand the complex interplay between dMMR
CRCs and their immune microenvironment, we performed
single-cell RNA sequencing (scRNAseq) on orthotopically grown
dMMR and CIN CRCs. Gene ontology (GO) enrichment analysis
indicated that CD8+ TILs within the dMMR CRCs were enriched
in genes associated with T cell activation and chemokine-related
signaling pathways in addition to several biological processes
regulating chemotaxis (Fig. 4 A). Specifically, more CD8+ TILs in
dMMR CRCs expressed genes in the GO terms lists for “CD8+

T cell activation” and “T cell activation” and often at a higher

level than TILs in CIN CRCs (Fig. 4 B and Fig. S3 A). Significant
differences were also noted in expression of chemokine re-
ceptors, notably more CCR5 and CXCR3, on CD8+ TILs in dMMR
compared with CIN CRCs, which is consistent with our in vitro
co-cultures (Fig. S3 B and Fig. 2 G). In addition to containing
significantly more CD8+ TILs, dMMR tumors contained different
proportions of TILs expressing markers associated with canoni-
cal T cell subsets (Fig. 4, C and D). Specifically, more TILs in
dMMR CRCs expressed the CD103+CD69+ markers characteristic
of TRM cells (Low et al., 2020; Park et al., 2019). Given that there
was no difference in clonal diversity of the TILs in dMMR and

Figure 3. Orthotopically implanted dMMR CRCs use CCL5 and CXCL10 to efficiently recruit systemic CD8+ TILs. (A) CD8+ T cell infiltration and ac-
tivation in orthotopic tumors 14–21 d after injecting 1.5 × 105 CRC cells in 50 µl PBS into the colon wall of WT mice using an endoscope. n ≥ 4 mice per group,
five repeats. (B) Mass of orthotopic dMMR and CIN CRCs. (C) Chemokine expression in whole-tissue transcripts of orthotopic dMMR and CIN CRCs was
analyzed by qPCR. (D) Infiltration and activation of CD8+ T cells in orthotopic dMMR, CIN, or dMMR cells deficient in either CCL5 or CXCL10. n = 4 mice per
group, four repeats. (E and F)Mice with orthotopic CRCs were adoptively transferred i.v. with 2 × 106 CFSE-stained CD8+ T cells from the MLN (E) or spleens
(SPL; E and F) of tumor-bearing donors. 48 h later, T cell infiltration was assessed by flow cytometry in the CRC (E and F), MLN, and spleens (F) of recipients.
Pooled data from n = 3 repeats. All panels, dMMR versus indicated bar. *, P ≤ 0.05; **, P ≤ 0.01.
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CIN CRCs, these TILs did not arise through expansion of an oli-
goclonal pool of intestinal intraepithelial lymphocytes but rather
through up-regulation of CD103 and CD69 following infiltration
of systemic CD8+ T cells into the dMMR CRCs (Fig. S3 C). We
confirmed the superior ability of dMMR CRCs to up-regulate
CD103 on systemic CD8+ T cells by coculturing these two cell
populations either in direct contact or separated by a 0.4-µm-
pore-size Transwell membrane (Fig. 4 E). CD103 up-regulation

did not require direct cell contact and appeared independent of
TGFβ, the canonical inducer of CD103, since dMMR CRC cells did
not express more TGFβ-associated genes (Fig. S4 A). Further-
more, blocking studies indicated that this up-regulation was in-
dependent of type I IFN signaling or production of CCL5 and
CXCL10 by the dMMR CRCs (Fig. S4, B–D). Although further
study is clearly needed to identify the underlying mechanisms,
our results indicate that in addition to recruitment, retention of

Figure 4. Orthotopic dMMR CRCs up-regulate TRM markers on infiltrating systemic CD8+ T cells. scRNAseq was performed on orthotopically grown
dMMR and CIN CRCs. Five mice were pooled from each CRC type. (A) GO enrichment analysis of the most enriched biological processes (top) and signaling
pathways (bottom) for CD8+ T cells in orthotopic dMMR compared with CIN CRCs. (B) Expression of genes in the “CD8 T Cell Activation” GO term list. Size of
the dot represents percent of cells and color intensity represents expression level. (C) Proportion of cell types identified by scRNAseq within the tumor
microenvironment of orthotopic dMMR and CIN CRC (left) and within the CD8+ T cell subsets (right). TNaive, naive T cells; TEM, effector memory T cells; TEff,
effector T cells; TCM, central memory T cells. (D) tSNE plots of CD8+ T cell subsets identified by scRNAseq in orthotopic dMMR and CIN CRCs. (E) Induction of
CD103 in CD8+ T cells by dMMR and CIN CRCs was measured by qPCR after coculturing cells directly or separated by a 0.4-µm Transwell filter for 24 h.
Representative data from n = 3 repeats. dMMR versus CIN: *, P ≤ 0.05; **, P ≤ 0.01. Neg., negative; Pos., positive; Reg., regulation; Sig., signaling.
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systemic CD8+ T cells by local up-regulation of TRM-associated
genes is crucial to successful anti-tumor immunity in
dMMR CRCs.

CCL5 and CXCL10 overexpression is driven by active
endogenous type I IFN signaling in dMMR CRCs but can be
exogenously induced in CIN CRCs
Chemokines CCL5 and CXCL10 are well-known members of the
ISGs family, a group of genes induced by type I IFN and cGAS/
STING signaling, and are most strongly expressed in immune
cells (Hubel et al., 2019; Schneider et al., 2014). GO analysis from
scRNAseq analysis of orthotopic CRCs, however, revealed that
dMMR CRC cells themselves are enriched in genes involved in
chemokine-related signaling pathways and the biological pro-
cesses of lymphocytemigration and T cell activation (Fig. 5 A;Mi
et al., 2019). dMMR CRC cells also differentially expressed IFNA
pathway–associated genes (Fig. 5 B), a finding that we confirmed
by quantitative PCR (qPCR) was inherent to the CRC cells and
was accompanied by high endogenous expression of ISGs (Fig. 5
C). This indicated that knocking out DNA mismatch repair in-
creased either the endogenous activation of type I IFN signaling
pathways within the cancer cells or the sensitivity of the cells to
exogenous IFN. Given that we had not noticed consistently dif-
ferent expression of type I IFN between our dMMR and CIN CRC
cells (Fig. S1 I) and that there was not a significant source of
exogenous IFN in the in vitro culture where differential CCL5
and CXCL10 gene expression were first noticed, we investigated
the latter possibility first.

We observed greater baseline activation of TBK1 and STAT1,
but not STAT3, in dMMR compared with CIN CRC cells
(Fig. 5 D). TBK1 is a primary mediator of the cGAS/STING sig-
naling pathway that drives innate type I IFN signaling, and
STAT1 is a downstream responder to activation of this path-
way (Vanpouille-Box et al., 2018). Treating MC38 cells with
inhibitors of STAT1 (fludarabine) or STING (H-151) down-
regulated CCL5 and CXCL10 selectively in dMMR but not CIN
cells (Fig. 5 E; Haag et al., 2018). We further observed down-
regulation in the associated signaling pathways (Fig. S4 E). Since
we did not observe decreased chemokine production upon
blocking the AIM2 nucleic acid–sensing pathway, this does not
seem to represent a generalized increase in cytoplasmic DNA
sensing but rather specific activation of the cGAS/STING path-
way (Fig. 5 F). We further confirmed the dependence of dMMR
CCL5 and CXCL10 production on STING by knocking down its
gene expression in dMMR MC38 CRC cells, which significantly
reduced their ability to activate CD8+ T cells (Fig. 5 G). While we
did not detect significantly more production of IFNA/B by
dMMR CRC cells (Fig. S1 I), blocking IFNAR1 did significantly
decrease CCL5, CXCL10, and ISG15 in dMMR CRC cells (Fig. 5 H).
This confirms an important role for endogenously produced
IFNA/B in the anti-tumor immune response mediated by dMMR
CRC cells despite our inability to detect high levels of produc-
tion. Given our desire to find dMMRCRC–mediatedmechanisms
of TIL activation that could be therapeutically translated to other
CRC subsets, we tested whether or not either of these pathways
was fundamentally defective in the CIN CRCs since this would
preclude their therapeutic targeting. Stimulating both dMMR

and CIN CRC cells with either the cGAS ligand cGAMP or
IFNB significantly up-regulated ISGs including CCL5 and
CXCL10, eliminating defective cGAS/STING or type I IFN
signaling as the main mechanism for failed anti-tumor im-
munity in CIN CRCs (Fig. 5, I and J). This set of findings
confirms that loss of MLH1 activates endogenous IFN-related
signaling in dMMR CRC cells and supports our hypothesis
that the resulting IFN-associated chemokine secretion
transforms these CRC cells into central architects of the tumor
TIL microenvironment.

Loss of DNAmismatch repair alters the stimulatory capacity of
cytoplasmic DNA generated by baseline or treatment-induced
genetic instability
Loss of the DNA mismatch repair function in dMMR CRCs
confers widespread genomic instability that renders the tumors
hypermutable. A notable consequence of extensive genomic
instability in cancer cells is the release of damaged DNA into
the cytoplasm in the form of either free DNA or micronuclei
(Vanpouille-Box et al., 2018). Since cytoplasmic DNA can acti-
vate nucleic acid sensing pathways in the cells, a plausible ex-
planation for high endogenous activation of cGAS/STING and
type I IFN signaling in dMMR CRC cells is that these cells have
alterations in the amount or composition of their cytoplasmic
DNA due to extreme underlying genomic instability. Immuno-
fluorescence staining with an anti–double-stranded DNA anti-
body confirmed that our cells did contain significant quantities
of cytoplasmic DNA although we did not observe any difference
in quantity between dMMR and CIN CRCs (Fig. 6 A). We thus
reasoned that loss of mismatch repair could alter the composi-
tion of cytoplasmic DNA in a way that more strongly activated
endogenous type I IFN signaling. To test this, we isolated cyto-
plasmic DNA from dMMR and CIN CRC cells and used equal
amounts to stimulate bone marrow–derived dendritic cells
(BMDCs). Cytoplasmic DNA from dMMR CRCs up-regulated
more ISGs and induced greater IFN signaling than did that
from CIN CRCs, indicating that the nature of cytoplasmic DNA in
dMMR CRCs is particularly stimulatory for cGAS/STING (Fig. 6,
B and C). To investigate if this is specifically related to DNA
damage associated with MMR as opposed to other DNA repair
pathways, we made use of the compound N-methyl-N9-nitro-N-
nitrosoguanidine (MNNG) to induce DNA damage that is cor-
rected via the mismatch repair pathway (Jascur et al., 2011).
MNNG treatment increased production of ISGs including CCL5
and CXCL10 in both dMMR and CIN CRCs to a greater extent
than treatment with 5-fluorouracil (5FU) or ionizing radiation
(IR), which induce DNA damage corrected by base excision re-
pair or homologous recombination (HR), respectively (Fig. 6 D;
Li et al., 2016). Notably, MNNG-induced up-regulation was
highest in dMMR CRC cells, which cannot repair the damage.
In contrast, 5FU induced greater up-regulation of CCL5 and
CXCL10 in CIN CRC cells than dMMR CRC cells. This is con-
sistent with the longstanding observation that dMMR CRCs
respond differently, and often less effectively, than CIN CRCs
to many standard-of-care DNA-damaging radio- and chemo-
therapies, especially 5FU (Helleday et al., 2008). To better un-
derstand this differential response, we looked at the signaling
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Figure 5. CCL5 and CXCL10 production results from active endogenous type I IFN signaling in dMMR CRCs but can be exogenously induced in CIN
CRCs. (A) GO enrichment analysis of the most enriched biological processes (top) and signaling pathways (bottom) in dMMR compared with CIN orthotopic
CRC cells analyzed by scRNAseq. (B) Expression of genes associated with “IFNA Signaling” GO term gene list in orthotopically grown CRC cells. (C) Baseline
expression of key ISGs was assessed by qPCR in unstimulated dMMR and CIN CRC MC38 cells grown in vitro. n = 4 repeats. dMMR versus CIN: **, P ≤ 0.01;
***, P ≤ 0.005. (D) Baseline activation of proteins in the IFN and cGAS/STING signaling pathways in dMMR and CIN CRC cells grown in vitro. n = 3 repeats.
(E and F)Dependence of chemokine expression on cGAS/STING and STAT1 (E) or Aim2 (F) signaling was assessed by treatment of CRC cells for 24 h with 2 µM
H-151, 10 µM fludarabine, or 9 µg/ml phosphorothioate oligo, respectively. n = 3 repeats. (G) Dependence of CD8+ T cell activation on STING signaling in dMMR
CRC. OTI CD8+ T cells were co-cultured with SIINFEKL-pulsed dMMR STING knockdown (STINGkd) or control dMMR cells for 48 h, and IFN-γ expression was
measured by flow cytometry. n = 3 repeats. dMMR versus STINGkd: *, P ≤ 0.05. (H) Dependence on endogenous type I IFN signaling was assessed following
24 h treatment with 10 µg/ml anti-IFNAR1-blocking antibody. n = 4 repeats. Isotype versus indicated bar. *, P ≤ 0.05; **, P ≤ 0.01. (I and J) Sensitivity to
exogenous induction of type I IFN signaling was assessed by qPCR following treatment of cells with 9 µg/ml cGAMP (I) or 1,000 U/ml IFNB (J) for 24 h. n = 3
repeats. (E and H–J) Vehicle versus treatment: *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.005. FDR, false discovery rate; NK, natural killer; sig, signaling.
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pathways induced by 5FU and IR in dMMR and CIN CRC cells
(Fig. 6 E). We noticed similar activation patterns for TBK1,
STAT1, and JAK2, indicating that a pathway other than cGAS/
STING may account for the different response patterns of these
two CRC subtypes. Collectively, these findings confirm that in-
creased genomic damage generally increases ISG and chemokine
expression via cGAS/STING and type I IFN signaling but that
genetic damage resulting from defective mismatch repair is the
most effective at doing so and likely accounts for high en-
dogenous expression of TIL-recruiting CCL5 and CXCL10 in
dMMR CRCs.

Loss of DNA mismatch repair in CRC patient organoids up-
regulates chemokine production and type I IFN signaling
Cell line studies can be limited by artifacts from long-term
culture. To determine if depletion of Mlh1 in primary cells also
up-regulated ISGs, we generated organoids from CRCs induced
in WT C57BL/6 mice through repeated doses of azoxymethane
(Meunier et al., 2010). Stably knocking down Mlh1 in these or-
ganoids to model dMMR CRC indeed up-regulated CCL5 and
CXCL10 (Fig. 7, A and B). Treatment of dMMR organoids with
the STING inhibitor carbonyl cyanide 3-chlorophenylhydrazone
(CCCP) decreased chemokine expression, confirming that

Figure 6. Loss of DNA mismatch repair alters the stimulatory capacity of cytoplasmic DNA generated by baseline or treatment-induced genetic
instability. (A) Cytoplasmic DNA was visualized by staining with an anti–double-stranded DNA antibody (left). Cytoplasmic DNA was isolated from untreated
dMMR and CIN MC38 cells and quantified by Qubit (right). n = 4 repeats. Scale bar, 10 µm. (B) BMDCs were stimulated for 3 h with 500 ng of cytoplasmic DNA
isolated from dMMR or CIN CRC cells. Gene expression was evaluated by qPCR. n = 3 repeats. (C) BMDCs were treated as in B for 20 min and analyzed for
signaling activation. n = 3 repeats. (D) Expression of IFN-associated genes in dMMR and CIN MC38 CRC cells treated with genotoxic agents (10 µM MNNG,
1 µM 5FU, 10 Gy IR) for 24 h. Expression was assessed by qPCR. n = 4 repeats. (E) Activation of STING signaling in cells treated as in D. n = 3 repeats. For all
panels, dMMR versus CIN: *, P ≤ 0.05; **, P ≤ 0.01.
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chemokine induction in these primary cultures was also due to
endogenous activation of the cGAS/STING signaling pathway
(Fig. 7 B). Migration of CD8+ T cells toward supernatant condi-
tioned by dMMR organoids was also suppressed to the same level
as the control organoids by blocking antibodies against CCL5 and
CXCL10, confirming the importance of these chemokines for
T cell infiltration in the setting of primary dMMR CRC cells
(Fig. 7 C).

To demonstrate the relevance of our findings to human CRCs,
we generated organoids from resected CRC samples and stably
knocked down MLH1 in these organoids using lentiviral trans-
duction (Fig. 7 D). This led to increased expression of the ISGs
CCL5, CXCL10, and ISG15, indicating that these chemokines are
likely a significant contributor to TIL recruitment into dMMR
tumors in CRC patients (Fig. 7 E). Treatment of the dMMR
organoids with CCCP confirmed the importance of the cGAS/
STING pathway to chemokine up-regulation (Fig. 7 F). These
data confirm that induction of CCL5 and CXCL10 via activated
cGAS/STING signaling in dMMR CRCs is a direct result of loss
of MLH1 and that activation of this pathway in CIN CRCs
represents a promising therapeutic approach for increasing
TIL infiltration into this normally immune-resistant subset
of CRCs.

Discussion
Successful anti-tumor immunity requires the coordination of
many processes; chief among these are effective recruitment
and retention of TILs in the tumor epithelium. We show here
that chemokine-mediated recruitment of systemic CD8+ T cells
is an essential component of successful anti-tumor immunity in
dMMR CRCs. Specifically, genomic instability induced by de-
fective DNA mismatch repair endogenously stimulates cGAS/
STING and innate type I IFN signaling in dMMRCRCs, leading to
up-regulated expression of ISGs, including the chemokines CCL5
and CXCL10. Blocking either STING or type I IFN sensing down-
regulates CCL5 and CXCL10 production by dMMR CRC cells,
while genetic instability induced by DNA-damaging agents, es-
pecially those requiring MMR, increases CCL5 and CXCL10
production. Neutralization of CCL5 and CXCL10 blocks migra-
tion of CD8+ T cells toward dMMR CRC cells, thereby precluding
effective neoantigen-specific killing by TILs. Critically, cGAS/
STING and type I IFN signaling remains functional in CIN CRCs
despite its low baseline activation, suggesting that therapeuti-
cally targeting this pathway could increase T cell trafficking into
these normally immunologically silent tumors.

Abundant evidence links high TMB to tumor immuno-
genicity and activation of neoantigen-specific T cell–mediated

Figure 7. Loss of DNA mismatch repair in primary mouse and CRC patient organoids up-regulates chemokine production and type I IFN signaling.
(A) Baseline protein expression from primary mouse CRC organoids. CRC was induced by 10 weekly injections of 10 µg/kg azoxymethane followed by another
10 wk without treatment. Mlh1 was stably knocked down by lentiviral transduction with shRNA and hygromycin selection to establish dMMR organoids.
Scrambled shRNA-transduced organoids were used as CIN controls. n = 4 repeats. (B) Reduced expression of ISGs following 24 h incubation of the dMMR and
CIN organoids with 10 µM of the cGAS/STING inhibitor CCCP. n = 3 repeats. dMMR versus CIN: **, P ≤ 0.01. (C) CD8+ T cell migration toward supernatant
conditioned for 24 h by established dMMR or CIN organoids. dMMR versus indicated bar. *, P ≤ 0.05. (D and E) Baseline protein (D) and RNA (E) expression in
organoids established from CRC patients. dMMR organoids were generated by stably knocking down MLH1 as in A with the appropriate shRNA and Scramble
CIN control. dMMR versus CIN: **, P ≤ 0.01. (F) Inhibition of chemokine and ISG expression by treatment of human CRC organoids for 24 h with 10 µM CCCP.
n = 2 patients, three repeats each. Vehicle versus *, P ≤ 0.05; **, P ≤ 0.01.
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killing. Paradoxically, some high TMB tumors fail to stimulate
an endogenous anti-tumor immune response and remain re-
fractory to checkpoint inhibition therapy (Bonneville et al., 2017;
Kim et al., 2020). This includes dMMR tumors at other body
sites as well as tumors rendered hypermutable by other mech-
anisms. One possible explanation for this is that mutational
signatures caused by some processes are more immunogenic
than others (Lim et al., 2017). Alternatively, hypermutation
caused by different defects could selectively affect different gene
families depending on their sequence or structure. This is con-
sistent with the observation that, despite their mutator pheno-
type, specific genes are consistently mutated in dMMR CRCs
(Hause et al., 2016). The fact that only some of these are also
consistently mutated in dMMR endometrial cancers implies that
site-specific selection factors may work in tandem with each
mutational process to select for persistence of specific mutations
from among a large body of randomly occurring passenger
mutations. A final possible explanation is that mutations in-
duced by certain forms of DNA repair defects could produce
immunogenic DNA byproducts that activate endogenous DNA-
sensing antiviral machinery (Raeker and Carethers, 2020; van
Wietmarschen et al., 2020). Our findings suggest that dMMR-
induced hypermutability affects genes that regulate the pro-
duction of chemokines such as CCL5 and CXCL10 and that this,
in turn, generates strongly immunogenic tumors that not only
have a high TMB but are also proficient at recruiting systemic
CD8+ T cells into the tumors, where they can affect neoantigen-
specific killing. Notably, our work implies that therapeutically
inducing the production of CCL5 and CXCL10 by CIN CRC cells
could increase T cell recruitment into the tumor microenvi-
ronment. Even low levels of targeted killing of these neoantigen-
poor tumors could initiate development of effective anti-tumor
immunity via processes such as epitope spreading (Menares
et al., 2019). The lack of prognostic benefit seen in dMMR tu-
mors in nonintestinal tissues may be due to the need for a dif-
ferent set of non–ISG-dependent chemokines for T cell homing
to those sites. Our evidence that both dMMR and CIN CRCs re-
main sensitive to exogenous type I IFN further indicates that
initial recruitment of CD8+ T cells, which are potent IFN pro-
ducers, could establish a positive feedback loop where TILs in-
duce tumor secretion of CCL5 and CXCL10, leading in turn to
more TIL recruitment and activation.

Recruiting more CD8+ T cells into the tumor microenviron-
ment can promote anti-tumor immunity only if the infiltrating
T cells are competent at tumor cell killing. Our work indicates
that effective immunity in CRC requires recruitment of systemic
CD8+ T cells rather than expansion of the local pool of resident
cells. This is consistent with many studies showing systemic
immune activation by localized tumors (Pauken et al., 2021; Wu
et al., 2020). However, we also found that following recruit-
ment, TILs in dMMR CRCs up-regulate the tissue resident
marker CD103, which is a ligand for E-cadherin on tumor cells
that facilitates direct interactions between the TILs and CRC
cells (Low et al., 2020; Park et al., 2019). Numerous studies have
shown that CD103+CD8+ T cells are particularly effective at cy-
totoxic tumor cell killing, but in most of these studies the origin
of the CD103+ T cells was not identified (Duhen et al., 2018; Okła

et al., 2021; Webb et al., 2014). Indeed, TILs in dMMR CRCs were
discovered long ago to express CD103, leading to the assumption
that these derived from expansion of local resident intraepi-
thelial lymphocytes (Dolcetti et al., 1999; Guidoboni et al., 2001).
Given the tolerized nature of such resident intestinal cells, this
created a paradox for how they could effectively mediate tumor
cell killing. Our findings place these earlier observations into
context by revealing the systemic source of these CD103+ TILs
and identifying the mechanism by which they are recruited into
the tumors.

Chemokines are potent but pleiotropic chemoattractants.
Chemokine receptors often recognize multiple ligands and
are broadly expressed on immune cells of different types
(Nagarsheth et al., 2017). Our data indicate that both CCL5 and
CXCL10 are selectively up-regulated in dMMR CRCs. We con-
sistently failed to find differences in expression of other che-
mokines such as CXCL16 that are not regulated by IFN. CXCL10
expression by cancers is consistently associated with effective
anti-tumor immunity and CD8+ T cell regulation. In contrast,
CCL5 expression has been linked to both pro- and anti-tumor
immune responses. In particular, CCL5 can recruit tumor-
associated macrophages that can drive tumor-promoting in-
flammation (Halama et al., 2016; Zumwalt et al., 2015). However,
we did not find any increase in tumor-associated macrophages in
orthotopically grown dMMR MC38 CRCs compared with CIN
CRCs, which is consistent with clinical data. In addition, cancer
cells themselves can up-regulate CCR5, the CCL5 receptor, and
respond to autocrine or paracrine secretion of CCL5. Indeed,
blocking CCR5 with small molecule inhibitors such as maraviroc
has shown some promise in clinical trials as an anti-cancer agent
(Jiao et al., 2019). Whether these compounds also inhibit anti-
tumor immunity or TIL recruitment into tumors will be impor-
tant to determine in the future since this could compromise ef-
ficacy of the drug. In CRC, the majority of reports indicate that
CCL5 expression is predictive of a positive patient outcome and
productive anti-tumor immunity and that CCR5+CD8+ T cells
express more IFN-γ and lead to a good prognosis (Boissière-
Michot et al., 2014; Musha et al., 2005; Zumwalt et al., 2015).
In light of our data showing differential expression between
dMMR and CIN CRCs, whatever discrepancy does exist between
studies could be explained by the fact that none of the reports
examined dMMR and CIN CRCs separately. Our blocking ex-
periments indicate that CCL5 and CXCL10 additively or syner-
gistically regulate CD8+ T cell trafficking and activation. This
indicates that expression of both of these chemokines could be
predictive of patient prognosis and immunotherapy response
even in CIN CRCs and particularly in the context of chemo- and
radiotherapies that induce genomic instability.

The inherent ability of dMMR CRCs to stimulate anti-tumor
immunity provides an important opportunity to learn the
mechanisms necessary for this process. While there is an un-
deniable role for the high TMB content of these cancers, the lack
of antigenic overlap with CIN CRCs means that identifying
neoantigen-independent immune-stimulatory processes used
by dMMR CRCs could provide more tractable therapeutic op-
portunities for treating other CRCs subsets. We show here a that
a critical component of the successful anti-tumor immune
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program of dMMR CRCs is effective recruitment of systemic
CD8+ T cells by high endogenous production of the chemokines
CCL5 and CXCL10. This recruitment process is independent of
neoantigen production by the tumor cells, thereby establishing
it as an achievable therapeutic target for improving immune
killing of CIN CRCs with few neoantigens. Since TIL infiltration
is a prerequisite for effective adaptive immune killing of tumor
cells, our work not only provides a potential new screening tool
for identifying patients likely to respond to immunotherapies
but also establishes the basal criteria by which the immunogenic
potential of other therapies, particularly DNA damaging agents,
can be evaluated.

Materials and methods
Cell line generation and stimulation
MC38 murine CRC cells were purchased from Kerafast. Cells
were grown in high-glucose DMEM supplemented with 10%
FBS, 1% penicillin-streptomycin, and 1% Hepes at 37°C with 5%
CO2. Cells were transfected using Lipofectamine 2000 (Thermo
Fisher Scientific) with the pSpCas9(BB)-2A-puro (px459) V2.0
plasmid (Addgene; #62988) containing CRISPR guide RNAs
(Table S1) targeting the Mlh1 gene to model dMMR CRCs or the
Kras gene to model CIN CRCs (Ran et al., 2013). Transfectants
were selected with 2 µg/ml puromycin, and mutations were
confirmed either by sequencing orWestern blot. shRNA-mediated
knockdown of CCL5, CXCL10, and STING in the dMMRMC38 cells
was achieved using the pLKO.1 system (Addgene; #10878) and
containing the shRNA sequences in Table S1 or a scrambled se-
quence as a control (Moffat et al., 2006). Stably knocked down
cells were selected with 250 µg/ml hygromycin, and knockdown
was confirmed by Western blot. OVA-expressing cells were
made by transfection with the pCI-neo-cOVA plasmid (Addgene;
#25097) and selection with 200 µg/ml G418 (Yang et al., 2010).
OVA expression was confirmed by qPCR using the primers in
Table S1.

For verification of MSI, cells were transiently cotransfected
with the pCAR-OF reporter plasmid (Addgene; #16627) and the
pmCherry-C1 plasmid (Clontech; Nicolaides et al., 1998). 24 h
later, expression of a β-galactosidase reporter gene (which is
only expressed if a frame-restoring deletion or insertion muta-
tion in the promoter occurs) was measured by flow cytometry
using the FluoReporter lacZ/Galactosidase Quantitation Kit
(Thermo Fisher Scientific) and gating on mCherry+ cells (Fig. S1
C). Increasing fluorescence indicates increased MSI. Verification
of double-strand break repair capacity via HR or nonhomologous
end joining (NHEJ) was measured using the Traffic Light re-
porter system by transiently cotransfecting cells with the pCVL
Traffic Light Reporter 1.1 (Sce target) Ef1a BFP (Addgene; 31481)
and pCVL SFFV d14GFP EF1s HA.NLS.Sce(opt) (Addgene; #31476)
plasmids (Fig. S1 D; Certo et al., 2011; Chroma et al., 2016; Mateos-
Gomez et al., 2015). 24 h later, cells were analyzed via flow
cytometry by gating on BFP+ cells. Increased GFP fluorescence in-
dicates increased HR capacity, and increased mCherry fluorescence
indicates increased NHEJ capacity.

For sequencing, genomic DNA was isolated from cell pellets
using the Quick Genomic DNA Extraction kit (Truin Science).

Primers possessing EcoRI and BamHI cut sites at their ends were
used (Table S1) with the Q5 High-Fidelity PCR Kit (New England
Biolabs) to amplify CRISPR target site regions. PCR products
were purified using a GeneJet Gel Extraction Kit (Thermo Fisher
Scientific), and then the ends were digested using EcoRI-HF and
BamHI-HF (New England Biolabs). PCR products were sub-
cloned into the pUC19 plasmid (Addgene; #50005) and se-
quenced with the M13 primer.

Cancer cell stimulations
MC38 CRC cells were seeded into plates 24 h before treatments
as indicated in the figure legends. The following treatments
were used: 10 µM fludarabine, 50 µM STAT3 Inhibitor VI (S3I-
201), 10 µM CCCP, 9 µg/ml 2’,39-cGAMP, 1 µM 5FU, 10 µM
MNNG, 2 µM H-151 (all from Sigma-Aldrich), phosphorothioate
oligo (IDT), 1,000 U/ml IFNb1 (Thermo Fisher Scientific),
and 10 Gy irradiation (60Co source). After the indicated in-
cubation time, cells supernatant or cells were harvested as
indicated below.

Mouse CRC experiments
C57BL/6 WTmice originally purchased from Charles River were
bred andmaintained in the Cross Cancer Institute vivarium. OTI
mice were purchased from The Jackson Laboratory. Mixed
groups of male and female littermates 6–20wk old were used for
experiments. All animal work was approved by the Cross Cancer
Institute’s Animal Care Committee.

Subcutaneous CRC experiments were performed by injecting
5 × 105MC38 CRC cells in 100 µl PBS into the hind flank. Tumors
were harvested after 2–3 wk. Resected tumors were minced and
digested in enzyme cocktail (RPMI containing 0.5 mg/ml colla-
genase IV [Sigma-Aldrich], 10 µg/ml DNaseI [Sigma-Aldrich],
10% FBS, 1% penicillin-streptomycin, and 1% Hepes buffer) for
30 min at 37°C in a shaking incubator at 200 rpm (Baker et al.,
2013). Fragments were rigorously pipetted to dissociate, filtered
through a 100-µm cell strainer, and washed. To separate the
cancer and immune cells in the tumors, dissociated cells were
resuspended in 40% Percoll (GE Healthcare), overlaid onto 80%
Percoll, and centrifuged at 500 g (with brake off) for 30 min at
room temperature. The top layer (tumor cells) and the interface
(immune cells) were collected into separate tubes, washed, and
processed for RNA isolation as below.

Orthotopic CRC experiments were performed by injecting 1.5
× 105MC38 CRC cells in 50 µl PBS into the wall of the descending
colon using a flexible needle (Hamilton) inserted through the
working channel of a Wolfe endoscope and visualized via the
ColoView imaging system (Storz; Roper et al., 2018). Orthotopic
tumor growth was monitored by endoscopy, and tumors were
harvested after 14–21 d and dissociated as above before flow
staining. Adoptive transfer experiments were performed by
isolating CD8+ T cells from the spleens or MLNs using the
EasySep Mouse CD8+ T Cell Isolation Kit (StemCell Technolo-
gies) from donor mice harboring orthotopic CRC tumors. CD8+

T cells were stained with 2 µM CFSE, and 2 × 106 cells were
injected i.v. into recipient mice bearing orthotopic CRC tumors.
48 h later, spleens, MLNs, and tumors were harvested, dissoci-
ated, and analyzed by flow cytometry.
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Mouse and human CRC-derived organoids
Murine organoids from either the normal colonic epithelium or
colorectal tumors induced by repeated doses of azoxymethane
(10 weekly doses of 10 mg/kg azoxymethane) were generated
as described previously and cultured as below (Meunier et al.,
2010; Sato et al., 2011).

Resected human CRC tumors were collected in HBSS within
10 min of devitalization. Tumors were processed as described
previously (Sato et al., 2011) In brief, tumorswere dissociated for
1 h in DMEM with 2.5% FBS, 75 U/ml collagenase XI (Sigma-
Aldrich), and 125 µg/ml dispase II (Sigma-Aldrich). Following
filtration, cells were plated at 500–1,000 per well in growth
factor–reduced Matrigel (Corning) and cultured in basal crypt
media (Advanced DMEM/F12 containing 10% FBS, 2 mM gluta-
mine, 10 mM Hepes, 1 mM N-acetylcystein, 1X N2 supplement, 1X
B27 supplement, 10 mM nicotinamide, 500 nM A83-01, 10 µM
SB202190, and 50 ng/ml epidermal growth factor; Thermo Fisher
Scientific) mixed 1:1 with conditioned supernatant from L-cells ex-
pressing Wnt3a, R-spondin, and noggin (ATCC #CRL-3276; Miyoshi
and Stappenbeck, 2013). All work with human samples was ap-
proved by the Health Research Ethics Board of Alberta Cancer
Committee and performed after obtaining informed patient consent.

Primary dMMR mouse or human organoids were generated
using lentiviral transduction as described previously (Koo et al.,
2011; Roper et al., 2018). Lentivirus was prepared as previously
described using the pLKO.1 system (Addgene; #10878) and
containing the shRNA sequences in Table S1 (Moffat et al., 2006).
Lentivirus was concentrated 100× by ultracentrifugation. Orga-
noids were pretreated for 4–5 d with 10 mM nicotinamide to
enrich for stem cells. Organoids were dislodged from the plate by
pipetting and then treated for 5 min at 37°C with TrypLE Express
(Life Technologies). Organoids were mixed with lentivirus along
with 8 µg/ml polybrene and 10 µM Y27632 (Sigma-Aldrich) and
seeded into a 96-well plate. The plate was centrifuged for 60min
at 600 g at 32°C and then incubated at 37°C for 6 h. The organoids
were then embedded inMatrigel and cultured inmedia containing
50–100 µg/ml hygromycin to select for successful transduction.
Gene knockdown was verified by Western blot.

For stimulations, equal numbers of organoids were plated in
Matrigel, cultured for 3 d, and then treated as indicated in the
figure legends. To harvest, organoids were resuspended in ice-
cold Cell Recovery Solution (Corning) and incubated for 10 min
on ice to dissolve Matrigel. Cell Recovery Solution was diluted
fourfold and then spun down. Pellets were processed for RNA or
protein isolation as below.

Flow cytometry and cytokine bead arrays
Flow cytometry staining was performed using the antibodies in
Table S2 in addition to the Zombie Aqua viability stain (Bio-
Legend) and the Foxp3 Transcription Factor Staining Buffer Set
(eBioscience). Flow cytometry was performed on a CytoFlex S
cytometer (Beckman Coulter) with subsequent analysis using
FlowJo (BD Biosciences).

Secretion of CCL5 and CXCL10 by dMMR and CIN CRCs into
cell supernatants was analyzed using a custom LegendPlex cy-
tokine bead array (BioLegend). Datawere acquired on a CytoFlex
S cytometer and analyzed in FlowJo.

T cell activation, migration, and cytotoxicity assays
CD8+ T cells were isolated from the spleens or MLNs using the
EasySep Mouse CD8+ T Cell Isolation Kit (StemCell Technolo-
gies). Where indicated, T cells were first expanded by incubation
at a 5:1 ratio with BMDCs that had been pulsed with tumor ly-
sates (100 µg/ml with 106 BMDCs) for 30 min and then irradi-
ated (20 Gy). For direct co-culture experiments, tumor cells
were first incubated with the indicated treatment, and this was
removed before adding CD8+ T cells at a 5:1 T cell:tumor cell
ratio. Where indicated, cytotoxicity was assessed after 24 h or
48 h using the CellEvent Caspase-3/7 Green Detection Reagent
(Thermo Fisher Scientific) at 1.0 µM and gating on CD45-
negative cells. To assess T cell activation by STING knockdown
or scramble controls, CRC cells were first pulsed with 1 µg/ml of
the SIINFEKL peptide for 30 min. Cells were washed twice be-
fore addition of OTI CD8+ T cells as above. For chemokine
blocking experiments, the antibodies (Table S2) were present
throughout the co-culture at 2 µg/ml.

For migration assays, conditioned supernatants (DMEM plus
10% FBS) were collected from CRC cells treated as indicated in
figure legends. Tissue culture inserts with 5.0-µm pores (Sar-
stedt) were precoated with 0.8 mg/ml Matrigel for 2 h at 37°C
and rinsed twice with warm media. 105 CFSE-labeled CD8+

T cells were added to the upper portion of the insert in 100 µl
media containing 2% FBS. 500 µl of conditioned supernatants
was added to the bottom well. For chemokine blocking experi-
ments, antibodies were added to the media in the lower chamber
30min before T cell addition and were present during the entire
assay. T cells were allowed to migrate for 2 h, and then cells in
the upper insert and bottom well were collected and quantified
by flow cytometry. Percentage migrated cells were calculated as
follows: percentage migrated cells = (number migrated cells) /
(number input cells + number migrated cells).

BMDC stimulation with cytoplasmic DNA
Cytoplasmic DNA was isolated from dMMR and CIN CRCs as
described previously (Baghirova et al., 2015; Härtlova et al.,
2015). Briefly, cells were lysed in cytoplasmic extraction buffer
(150 mM NaCl, 50 mM Hepes, 200 µg/ml digitonin, and 1 M
hexylene glycol) for 10 min on ice and spun 10 min at 2,000 g.
1 mg of protein from the supernatant was treated with 1 mg/ml
proteinase K for 1 h at 55°C. DNA was purified with phenol/
chloroform/isoamyl alcohol, and then RNA was removed by
digestion with 500 µg/ml RNaseA for 1 h at 37°C. DNA was
purified as above and quantified by nanodrop.

BMDCs were derived from WT C57BL/6 mice for 7 d using
20 ng/ml GM-CSF, as described previously (Baker et al., 2011). 5 ×
105 BMDCs were stimulated with 500 ng of cytoplasmic DNA that
had been premixed at a 0.5:1 Lipofectamine 2000:DNA ratio. After
the indicated times, RNA or protein was extracted for analysis.

Immunofluorescence staining
Cells were seeded onto poly-L-lysine–coated coverslips and al-
lowed to adhere overnight at 37°C. Cells were fixed with meth-
anol and blocked (5% normal serum and 0.3% Triton X-100 in
PBS). Cells were stained with the indicated primary antibodies
for 1 h at room temperature. After washing, cells were stained
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with anti-mouse–Alexa 488 or anti-rabbit–Alexa 647 secondary
antibodies (Thermo Fisher Scientific) for 1 h at room tempera-
ture before staining with phalloidin Alexa 546 (Thermo Fisher
Scientific) for 20 min. Nuclei were stained with DAPI, and then
coverslips were mounted on slides. Cells were imaged on a Zeiss
Axioscope 2 microscope. Post-image processing was performed
using ImageJ (Schneider et al., 2012).

Western blotting
Protein was isolated in lysis buffer (50 mM Tris-HCl, 150 mM
NaCl, 50 mM sodium pyrophosphate, 1 mM EDTA, 0.5% NP-40,
and 1% Triton X-100) containing 1 mM sodium orthovanadate
and 1× protease inhibitor (Sigma-Aldrich). Protein was quanti-
fied using a BCA protein assay kit (Thermo Fisher Scientific). 5
or 10 µg of protein was loaded per lane of SDS-PAGE gels and
transferred to nitrocellulose membranes. The antibodies used
are listed in Table S2. Bands were visualized using the ECL
Prime Western Blotting Detection Reagent (GE Healthcare
Amersham).

RNA and qPCR
RNA was extracted using TRIzol and reverse-transcribed using
the High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific). qPCR reactions were set up using the primers
indicated in Table S1 and POWRUP SYBR Master Mix (Thermo
Fisher Scientific). qPCR was performed on the QuantStudio6 real-
time PCR system (Applied Biosystems).

scRNAseq
Live cells were isolated from orthotopically grown dMMR and
CIN MC38 CRC tumors. Each sample represents pooled cells
from five mice per group. Viable CD45+ cells were enriched
using magnetic selection (StemCell Technologies) and submitted
to the University of Alberta High Content Analysis Core for
processing with a Single Cell Immune Profiling kit (10X Ge-
nomics). The data were processed using the Seurat package for R
(v3.0) as described previously (Stuart et al., 2019; Wang et al.,
2019). Briefly, cells with either a unique gene count >2,500 or
<200 as well as genes found in fewer than three cells were fil-
tered out. Principal component analysis was used to visualize
and explore these datasets, and we used the default settings of
the RunTSNE function to summarize the principal component
analysis with tSNE (t-distributed stochastic neighbor embed-
ding) dimensionality. Cell clusters in the two-dimensional rep-
resentations were annotated to known cell types using
FindAllMarkers for all clusters. Differential expression analysis
was performed using the DESeq2 package (Love et al., 2014). GO
enrichment analysis was performed using the fgsea package and
mouse versions of the MSigDB genesets from http://bioinf.wehi.
edu.au (Mi et al., 2019). ISGs were defined as previously (Liao
et al., 2019). Other genesets were taken from MSigDB. CD8+

T cell subsets were defined using the following canonical
markers: näıve CD8+ T cell = Cd62HiCd44Low, effector CD8+ T cell =
Cd62LowCd44HiKlrgHiTbetLowBlimpHiCxcr3Low, effector mem-
ory CD8+ T cell = Cd62LowCd44HiKlrgLowTbetHiBlimpHiCxcr3Hi,
TRM = ItgaeHiCd69HiIl7rHiCxcr3Hi, and central memory CD8+

T cell = Ccr7HiIl7rHiCxcr3Hi (Low et al., 2020; Park et al., 2019).

Data from TCGA analysis
Human RNA sequencing data and DNA sequencing data (Illu-
mina HiSeq RNASeqV2) from the Colorectal Adenocarcinoma
dataset from the TCGA Nature 2012 and TCGA PanCancer Atlas
from TCGA were downloaded from cBioPortal for Cancer Ge-
nomics (https://www.cbioportal.org/; Cancer Genome Atlas
Network, 2012; Hoadley et al., 2018; Sanchez-Vega et al.,
2018). Chemokine expression analysis was performed using
the DESeq2 package in R (v3.0; Love et al., 2014).

Statistical analysis
Prism (GraphPad Software) was used for statistical analysis.
Gene expression analysis was processed by log2 transformation,
and the resulting data were evaluated for Gaussian distribution.
Comparison of two unpaired groups was made by two-tailed
Student’s t test for normal data, or Mann–Whitney for non-
parametric tests. For three ormore groups with two parameters,
two-way ANOVA or multiple t test procedures were used as
appropriate, for data with Gaussian distribution. Responses to
multiple stimuli of a single cell type or of cells from a single
donor were analyzed using paired tests. Post hoc analysis to
correct for multiple comparisons and detect differences between
groups was by the two-stage linear step-up procedure of Ben-
jamin, Krieger, and Yekutieli with false discovery rate <0.05. A
two-sided probability (P) of α error <0.05 defined significance.

Online supplemental material
Fig. S1 provides data validating the phenotype and genotype of
all MC38 dMMR and CIN cell line variants used. Fig. S2 dem-
onstrates the quantity and activation state of immune cell types
other than CD8+ T cells that infiltrate orthotopically grown
dMMR and CIN MC38 CRC tumors. Fig. S3 shows expression of
GO list “T Cell Activation” as well as chemokines and chemokine
receptors genes in TILs of orthotopically grown dMMR and CIN
tumors. It also shows the TCR clonal diversity of TILs in the
orthotopic tumors. Fig. S4 shows expression of GO list “TGFβ
Signaling” as well as chemokines and chemokine receptor genes
in dMMR and CIN CRC cells grown as orthotopic tumors. It also
shows the relative capacity for dMMR and CIN CRCs to induce
CD103 expression on systemic CD8+ T cells and the dependence of
intracellular signaling on the cGAS/STING and STAT pathways.
Table S1 provides information on all of the DNA oligos and primers
used. Table S2 provides information on all antibodies used.

Data availability
Data from scRNAseq have been deposited in GEO under acces-
sion no. GSE178706.
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Figure S1. Confirmation of successful generation of dMMR and CINMC38 CRC cell line variants. dMMR and CIN models of the MC38mouse CRC cell line
were created by mutating Mlh1 and Kras, respectively. (A and B) Protein expression was analyzed by Western blotting lysates from two different clones of
dMMR MC38 cells and two different clones of CIN MC38 CRC cells. Clones 1 were used in all subsequent experiments. n = 3 repeats. (C) Microsatellite in-
stability was measured using a reporter plasmid where uncorrected deletion and insertion mutations in microsatellite regions of a promoter enable expression
of β-galactosidase. Cells were transiently transfected with the reporter plasmid, and β-galactosidase expression was measured after 24 h by flow cytometry
using a fluorescence-based readout. Increasing fluorescence corresponds to increased microsatellite instability due to the failure of DNA mismatch repair to
correct insertions and deletions. (D) HR and NHEJ were measured using a fluorescent reporter assay. Cells were transiently transfected with the reporter
plasmids and the amount of HR and NHEJ were quantified by flow cytometry after 24 h. Increasing fluorescence corresponds to increased DNA repair by each
mechanism. (E) Depletion of CCL5 and CXCL10 in dMMR-CCL5kd and CXCL10kd cells following stable transduction with shRNA plasmids was verified by qPCR.
(F) Expression of OVA was verified in stable clones of dMMR-OVA and CIN-OVA using qPCR. (G) Surface expression of MHC-I SIINFEKL-H-2Kb was verified in
dMMR-OVA and CIN-OVA CRC cells using flow cytometry. (H) Surface expression of PDL1 on dMMR and CIN CRC was measured with flow cytometry.
(I) Expression of IFNB and IFNAR1 in untreated dMMR and CIN CRC cells using qPCR. All panels: representative data from n = 3–5 repeats. dMMR versus
indicated bar. **, P ≤ 0.01; ***, P ≤ 0.001. MFI, mean fluorescence intensity.
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Figure S2. Immune cell subset frequencies in orthotopically implanted dMMR and CIN CRC tumors. 1.5 × 105 CRC cells in 50 µl were nonsurgically
injected into the colonic wall using an endoscope. n ≥ 4 mice per group, five repeats. (A) Initial gating strategy. (B) Immune cell subsets infiltrating the tumors
were quantified by flow cytometry using the indicated markers. FSC, forward scatter; SSC, side scatter.
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Figure S3. dMMR CRCs contain more activated TILs than CIN CRCs but are equally clonally diverse. (A) Expression of genes in the “T Cell Activation” GO
term list for different subsets of CD8+ TILs in orthotopic dMMR and CINMC38 tumors analyzed by scRNAseq. Size of the dot represents percent of CD8+ T cells
and color intensity represents expression level. TNaive, naive T cells; TEM, effector memory T cells; TEff, effector T cells; TCM, central memory T cells.
(B) Expression of chemokine receptors on tumor infiltrating CD8+ T cells in orthotopic CRCs. TAll, All CD8+ T cells. (C) TCR frequency in the CD8+ TILs from
orthotopic tumors analyzed by scRNAseq. Each section of the arc represents the number of cells with the indicated frequency. No significant difference exists
between the frequency distribution of dMMR and CIN CRC TILs.
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Figure S4. dMMR CRCs express more of select chemokines and chemokine receptors than CIN CRCs but similar levels of TGFβ-associated genes.
(A–C) Expression of genes associated with the “TGFβ signaling” GO term gene (A), chemokines (B), and chemokine receptors (C) in orthotopic CRC cells.
(D) Induction of CD103 on CD8+ T cells by dMMR and CIN CRCs was measured by flow cytometry after coculturing cells directly or separated by a 0.4-µm
Transwell filter for 24 h. CRC cells were pretreated for 24 h by 10 µg/ml anti-IFNAR1 or isotype control. Representative data from n = 3 repeats. dMMR versus
CIN of same treatment condition: *, P ≤ 0.05; **, P ≤ 0.01. (E) Dependence of chemokine endogenous signaling on cGAS/STING, STAT1, or STAT3 was assessed
by treatment of CRC cells for 1 h with 10 µM CCCP, 10 µM fludarabine (iSTAT1), or 50 µM S3I-201 (iSTAT3), respectively. n = 3 repeats.
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Table S1 and Table S2 are provided online as separate files. Table S1 provides information on all of the DNA oligos and primers used.
Table S2 provides information on all antibodies used.
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