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Liver metastasis is a major cause of mortality for patients with
colorectal cancer (CRC). Mismatch repair–proficient (pMMR) CRCs
make up about 95% of metastatic CRCs, and are unresponsive to
immune checkpoint blockade (ICB) therapy. Here we show that
mouse models of orthotopic pMMR CRC liver metastasis accurately
recapitulate the inefficacy of ICB therapy in patients, whereas the
same pMMR CRC tumors are sensitive to ICB therapy when grown
subcutaneously. To reveal local, nonmalignant components that
determine CRC sensitivity to treatment, we compared the microen-
vironments of pMMR CRC cells grown as liver metastases and sub-
cutaneous tumors. We found a paucity of both activated T cells
and dendritic cells in ICB-treated orthotopic liver metastases,
when compared with their subcutaneous tumor counterparts. Fur-
thermore, treatment with Feline McDonough sarcoma (FMS)-like
tyrosine kinase 3 ligand (Flt3L) plus ICB therapy increased dendritic
cell infiltration into pMMR CRC liver metastases and improved
mouse survival. Lastly, we show that human CRC liver metastases
and microsatellite stable (MSS) primary CRC have a similar paucity
of T cells and dendritic cells. These studies indicate that orthotopic
tumor models, but not subcutaneous models, should be used to
guide human clinical trials. Our findings also posit dendritic cells as
antitumor components that can increase the efficacy of immuno-
therapies against pMMR CRC.

immune checkpoint blockade j cancer immunotherapy j tumor immune
microenvironment j mismatch repair–proficient colorectal cancer j
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Immune checkpoint blockade (ICB) therapy has revolution-
ized cancer treatment in recent years. Anti–PD1 (anti–prog-

rammed cell-death protein 1) and anti–CTLA-4 (anti–cytotoxic
T lymphocyte-associated protein 4) are two main types of ICB
therapies that can be particularly effective (1). Metastatic mela-
noma, which was previously an incurable disease, now has cure
rates of more than 50% when patients are treated with a combi-
nation of anti–PD1 and anti–CTLA-4 (2). However, ICB ther-
apy is only effective in less than 15% of patients who receive
the therapy (3), and efforts are ongoing to uncover the underly-
ing mechanisms of intrinsic and acquired resistance.

Colorectal cancer (CRC) is the second leading cause of
cancer-related death in the United States (4) and in the world
(5). Metastatic spread, especially to the liver, is a major cause
of mortality in patients with CRC (6). The efficacy of ICB
therapy in metastatic CRCs has been limited to patients with
mismatch repair–deficient (dMMR) or microsatellite instability-
high (MSI-H) tumors, where a 55% objective response rate has
been achieved (7). However, dMMR or MSI-H metastatic CRCs
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represent only about 5% of total metastatic CRC cases. The
remaining 95% are mismatch repair–proficient (pMMR) or
microsatellite stable (MSS) tumors (8), which are typically unre-
sponsive to ICB therapy (8). Therefore, there is an urgent need
to better understand the resistance mechanisms in pMMR and
MSS metastatic CRCs, and improve the efficacy of treatments
against this disease.

Preclinical mouse models of cancer are effective tools for
studying and improving cancer therapy. MC38 and CT26 are
syngeneic mouse CRC cell lines commonly used in preclinical
immunocompetent mouse models of cancer. In most preclinical
studies, these cells are injected under the skin into the hind
flank of mice, where they grow as subcutaneous tumors.
When treated with ICB therapies such as anti–PD1 and/or
anti–CTLA-4, these tumors have been shown to respond well
(9, 10). However, MC38 and CT26 lack coding somatic muta-
tions in the DNA mismatch repair genes and should be consid-
ered as pMMR CRC cell lines (11, 12). Hence, experimental
preclinical models using subcutaneously implanted pMMR
CRC cell lines fail to recapitulate the disease resistance to ICB
therapy that is observed in patients.

We hypothesized that orthotopic pMMR CRC mouse models,
where pMMR CRC cells are implanted in the colon to represent
primary colon tumors or in the liver to represent liver metastases,
would more accurately recapitulate progression of the human
disease and its response to ICB treatment in the clinic. Indeed,
we report here strikingly different sensitivities to ICB treatment
for pMMR CRC tumors grown orthotopically when compared
with their subcutaneous counterparts. We further take advantage
of these differences to define local nonmalignant components
that determine the sensitivity of pMMRCRCs to treatment.

Results
CT26 and SL4 Are pMMR CRC Cell Lines with Low Tumor Mutational
Burden. The mouse CRC cell lines MC38 and CT26 were previ-
ously reported to be pMMR CRC cell lines that do not carry
coding somatic mutations in the DNA mismatch repair genes
Mlh1, Msh2, Msh6, and Pms2 (11, 12). In a separate study,
MC38 was described to carry a missense mutation in the DNA
mismatch repair gene Msh3 and express a mutational signature
for mismatch repair deficiency (13). To verify the mismatch
repair status of MC38 and CT26, we performed whole-exome
sequencing. We also sequenced the SL4 mouse CRC cell line
used in our laboratory (14–16). Our analysis confirmed that
MC38 lacks coding somatic mutations in Mlh1, Msh2, Msh6,
Pms2, or Mlh3 but has a missense mutation in Msh3 (Dataset
S1A), and therefore could potentially be dMMR. By contrast,
both CT26 and SL4 lacked coding somatic mutations in Mlh1,
Msh2, Msh6, Pms2, Mlh3, and Msh3 (Dataset S1 B and C), and
could therefore be classified as pMMRCRC cell lines (17).

The tumor mutational burden (TMB) of a patient’s cancer
has been shown to correlate with the objective response rate of
that patient’s cancer to anti–PD1 or anti–PD-L1 therapies (18).
We therefore calculated the TMB of MC38, CT26, and SL4
CRC cell lines from the whole-exome sequencing data (Fig.
1A). Even though MC38 could be a dMMR CRC cell line, it
has a TMB of 4.0 coding somatic mutations per megabase of
DNA, which is comparable to human pMMR CRC (18). CT26
and SL4 also have a low TMB of 3.5 and 1.3 coding somatic
mutations per megabase DNA, respectively (Fig. 1A). Together,
these results indicate that CT26 and SL4 are functionally
pMMR mouse syngeneic CRC cell lines with low TMB compa-
rable to human pMMR CRC.

Orthotopic Liver Metastasis Mouse Models of pMMR CRC Resist ICB
Therapy. Upon verifying that CT26 and SL4 are pMMR CRC
cell lines, we evaluated the efficacy of anti–PD1 and

anti–CTLA-4 combination treatment (here onward referred to
as “ICB therapy”) in subcutaneous tumor mouse models of
CT26 and SL4 cells. Confirming previous reports (10, 19), we
found that ICB therapy inhibited tumor growth and improved
survival in both CT26 and SL4 subcutaneous tumors (Fig. 1 B
and C). To determine whether the microenvironment where the
cells grow had an impact on the efficacy of ICB therapy, we
evaluated ICB therapy in orthotopic liver metastasis mouse
models of CT26 and SL4 cells, where a hemispleen injection of
cancer cells leads to the outgrowth of liver metastases (14, 20).
Interestingly, we found that ICB therapy was ineffective in
treating both CT26 and SL4 liver metastases, with no benefit in
tumor growth or mouse survival (Fig. 1 D and E).

In the orthotopic liver metastasis mouse model we used, the
hemispleen where the cancer cells are injected is removed from
the mice after the injection. To eliminate the possibility that
removal of the hemispleen contributed to the inefficacy of ICB
therapy, we performed direct hepatic portal vein injection of
CT26 and SL4 cells, in mice where the spleen is left intact (21),
and treated with ICB therapy. Again, we found that both CT26
and SL4 liver metastases resisted treatment (SI Appendix, Fig.
S1), indicating that the hemispleen removal did not cause the
inefficacy of ICB therapy. We also evaluated ICB therapy in
orthotopic colon tumor mouse models of CT26 and SL4 cells,
where the cancer cells are injected into the cecal wall and grow
into colon tumors (15, 22). We found that ICB therapy was also
ineffective in treating these primary CT26 and SL4 colon
tumors (Fig. 1F and G).

Altogether, these results demonstrate that the site of pMMR
CRC cell growth defines the efficacy of subsequent ICB ther-
apy. Specifically, mouse pMMR CRC cells grown in their natu-
ral microenvironments, such as the liver as liver metastases or
the colon as primary tumors, better recapitulate the disease
resistance to ICB therapy observed in patients.

Paucity of Activated T Cells and Dendritic Cells in ICB-Treated
pMMR CRC Liver Metastases. Liver metastasis is the major cause
of mortality in patients with pMMR metastatic CRC, while the
primary CRC can usually be surgically removed (6). We there-
fore focused on the mechanisms that caused pMMR CRC liver
metastases to be resistant to ICB therapy. To this end, we
directly compared the microenvironments of pMMR CRC liver
metastases and their subcutaneous tumor counterparts with
and without ICB therapy using RNA sequencing (RNA-seq)
and qPCR on bulk tumor tissues and flow cytometry (Fig. 2A).
We found that liver metastases and subcutaneous tumors have
distinct overall cell compositions and immune cell profiles (Fig.
2 B and C). CD8+ T cells are the main targets of ICB therapy
and kill tumor cells when ICB therapy is effective (23). We
found that while the number of total CD8+ T cells was not sig-
nificantly different between the two sites, ICB-treated liver
metastases had significantly fewer cytotoxic granzyme B+
CD8+ Tcells (CT26, SL4) and activated IFNγ+TNFα+ CD8+ T
cells (CT26) (Fig. 2 D and E and SI Appendix, Fig. S2 A and
B). CD4+FOXP3� Tcells have been shown to aid the antitumor
CD8+ Tcell response in cancer immunotherapy (24). Similar to
CD8+ T cells, ICB-treated SL4 and CT26 liver metastases
had significantly fewer CD4+FOXP3� T cells and activated
IFNγ+TNFα+ CD4+FOXP3� T cells, respectively (Fig. 2 F and
G). RNA-seq and gene set enrichment analysis (GSEA) con-
firmed that gene sets related to CD8+ T cell and CD4+ T cell
activation were significantly down-regulated in liver metastases
(Fig. 2H). Regulatory T (Treg) cells, which can hinder the effi-
cacy of ICB therapy in solid tumors (25), were found in similar
frequencies at both sites (SI Appendix, Fig. S2 C and D).

Tumor-infiltrating dendritic cells are emerging as an essential
antitumor component that can foster antitumor Tcell immunity
and immunotherapy responses (26–29). Among these cells,
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those with a CD103+CD11b� phenotype have been shown to
cross-present tumor-derived antigen to CD8+ Tcells in subcuta-
neous tumor mouse models (26). We found that ICB-treated
liver metastases had significantly fewer total dendritic cells,
CD103+CD11b� dendritic cells, and CD103�CD11b+ dendritic
cells when compared with ICB-treated subcutaneous tumors
(Fig. 3 A and B; gating strategy in SI Appendix, Fig. S4A). Using
SL4 cells that express green fluorescent protein (SL4-GFP), we
also found significantly fewer total dendritic cells,
CD103+CD11b� dendritic cells, and CD103�CD11b+ dendritic
cells that expressed tumor-derived GFP in ICB-treated liver
metastases (Fig. 3C). The percentage of total dendritic cells,
CD103+CD11b� dendritic cells, and CD103�CD11b+ dendritic
cells that expressed tumor-derived GFP was also significantly
lower in untreated liver metastases compared with untreated
subcutaneous tumors (Fig. 3D). CD103+CD11b� dendritic cells
have been shown in subcutaneous tumor mouse models to traf-
fic tumor antigen to tumor-draining lymph nodes (tdLNs),
leading to CD8+ Tcell activation (30). We found that the tdLNs
of ICB-treated liver metastases had significantly fewer total
dendritic cells and CD103�CD11b+ dendritic cells, while
CD103+CD11b� dendritic cells showed a decreasing trend
(Fig. 3E). Interestingly, we also found that the number of
CD103+CD11b� dendritic cells that expressed tumor-derived
GFP was significantly lower in the tdLNs of ICB-treated liver
metastases (Fig. 3F). These results indicate that there is not
only poor uptake of tumor-derived antigen by dendritic cells in
the liver metastases but also poor trafficking of tumor-derived
antigen by dendritic cells to tdLNs to activate Tcells. Gene sets
related to dendritic cells were also significantly down-regulated
in liver metastases (Fig. 3G). We did not observe a lower

percentage of expression of costimulation markers such as
CD80 and CD86 by dendritic cells in liver metastases (SI
Appendix, Fig. S3A), which suggests that the difference in ICB
response was driven primarily by the paucity of dendritic cells
in the liver metastases.

Natural killer (NK) cells have been shown to recruit den-
dritic cells to subcutaneous tumors for effective ICB therapy
(31, 32). ICB-treated liver metastases also had significantly
fewer NK cells (SI Appendix, Fig. S3 B and C; gating strategy in
SI Appendix, Fig. S4B). Gene sets related to NK cells were also
significantly down-regulated in liver metastases (SI Appendix,
Fig. S3D). All the gene sets that were significantly up- or down-
regulated between the liver metastases and subcutaneous
tumors are listed in Dataset S2.

Altogether, these results characterize the pMMR CRC liver
metastasis microenvironment, which is nonresponsive to ICB
therapy. In principle, this lack of response could be due to 1) the
presence of molecular or cellular components that actively sup-
press ICB-driven antitumor immunity, 2) the absence of compo-
nents required for full-fledged ICB-driven tumor control, or 3) a
combination of both. To address these possibilities, we set out to
dissect the mechanism(s) behind this lack of response. Table 1
and the following paragraphs summarize our findings.

Targeting Monocytes, Neutrophils, or Macrophages Does Not
Sensitize pMMR CRC Liver Metastases to ICB Therapy. Potential
inhibitory components to ICB efficacy include myeloid cells
such as monocytes, neutrophils, and macrophages, which can
promote cancer progression and limit the efficacy of treatments
(33–35). For example, Ly-6C+ monocytes in tumors can be
immunosuppressive and limit the efficacy of anti–PD1
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Fig. 1. Orthotopic liver metastasis mouse models of pMMR CRC recapitulate clinical inefficacy of ICB. (A) Number of coding somatic mutations per mega-
base (MB) DNA in mouse syngeneic CRC cell lines MC38, CT26, and SL4 compared with the median number in human dMMR and pMMR CRC. (B) Survival
of mice bearing CT26 subcutaneous tumors (n = 10 per group) or SL4 subcutaneous tumors (n = 9 or 10 per group), untreated or treated with ICB ther-
apy. ***P < 0.001 (log-rank test). (C) Tumor growth of mice bearing CT26 subcutaneous tumors (n = 10 per group) or SL4 subcutaneous tumors (n = 9 or
10 per group), untreated or treated with ICB. *P < 0.05 (two-tailed unpaired t test). (D) Survival of mice bearing CT26 liver metastases (n = 10 per group)
or SL4 liver metastases (n = 10 per group), untreated or treated with ICB. n.s., not significant, P > 0.05 (log-rank test). (E) Tumor growth of mice bearing
SL4 liver metastases (n = 10 per group), untreated or treated with ICB. n.s., P > 0.05 (two-tailed unpaired t test). There is no tumor growth curve for CT26
liver metastasis because the CT26 cell line used is not transfected with the GFP-Gluc construct. (B–E) Experiments were repeated at least twice and repre-
sentative graphs are shown. (F) Survival of mice bearing CT26 colon tumors (n = 11 per group) or SL4 colon tumors (n = 10 per group), untreated or
treated with ICB. n.s., P > 0.05 (log-rank test). (G) Tumor growth of mice bearing CT26 colon tumors (n = 11 per group) or SL4 colon tumors (n = 10 per
group), untreated or treated with ICB. n.s., P > 0.05 (two-tailed unpaired t test). Data are mean 6 SEM. ICB: anti–PD1 (200 mg per mouse) plus anti–CTLA-
4 (100 mg per mouse); i.v. injection, three doses with a 3-d interval between doses.
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treatment in glioma tumor mouse models (36), Ly-6G+

neutrophils have been described with similar functions in CT26
subcutaneous tumors (10), and CD11b+F4/80+ macrophages
can suppress CD8+ T cells in MC38 liver metastases and
prevent the efficacy of anti–PD1 or anti–PD-L1 treatment in
MC38 subcutaneous tumors (37, 38). We determined that the
numbers of Ly-6C+ monocytes, Ly-6G+ neutrophils, and
CD11b+F4/80+ macrophages were not significantly increased in
liver metastases compared with their subcutaneous tumor
counterparts (SI Appendix, Fig. S5A; gating strategy in SI
Appendix, Fig. S4C). Despite this, there is a possibility that
these myeloid cell populations are more immunosuppressive in
liver metastases. We therefore investigated whether depleting
these myeloid cell populations could sensitize the liver
metastases to ICB therapy. While anti–CSF-1 antibody

treatment significantly decreased CD11b+F4/80+ macrophages
and Ly-6C+ monocytes in liver metastases (SI Appendix, Fig.
S5B), the combination of anti–CSF-1 with ICB therapy was
ineffective (SI Appendix, Fig. S5C). Similarly, anti–Gr-1
antibody treatment significantly decreased Ly-6G+ neutrophils
(SI Appendix, Fig. S5D), but the combination of anti–Gr-1 with
ICB therapy was also ineffective (SI Appendix, Fig. S5E). These
results indicate that monocytes, neutrophils, or macrophages
are unlikely to play a key role in limiting the efficacy of ICB
therapy in this context.

Increasing Cancer Cell MHC Class I Expression with IFN-γ Treatment
Is Insufficient to Improve ICB Therapy Efficacy. Cancer cell major
histocompatibility complex (MHC) class I expression is an
essential component for effective immune recognition, and
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Fig. 2. pMMR CRC liver metastases have
significantly fewer activated T cells than
subcutaneous tumor counterparts when
treated with ICB therapy. (A) Schematic
diagram illustrating the four groups ana-
lyzed by RNA-seq, flow cytometry, and
qPCR. ICB: anti–PD1 (200 mg per mouse)
plus anti–CTLA-4 (100 mg per mouse), i.v.
injection, three doses with a 3-d interval
between doses. Tumor tissue was col-
lected 4 d after the third dose of ICB ther-
apy. (B) Average overall cell composition
(n = 6 to 8 per group) and immune cell
composition (n = 5 to 8 per group) of SL4
liver metastases or subcutaneous tumors,
untreated or ICB-treated, determined by
flow cytometry. Figure data are combined
from two separate experiments. (C) Aver-
age overall cell composition (n = 7 to 9
per group) and immune cell composition
(n = 5 to 9 per group) of CT26 liver metas-
tases or subcutaneous tumors, untreated
or ICB-treated, determined by flow
cytometry. There is no cancer cell compo-
sition in the overall cell composition
because the CT26 cell line used is not
transfected with the GFP-Gluc construct.
Figure data are combined from two sepa-
rate experiments. (D) Number of CD8+ T
cells, granzyme B+ CD8+ T cells, and
IFNγ+TNFα+ CD8+ T cells in CT26 liver
metastases or subcutaneous tumors,
untreated or ICB-treated (n = 5 to 8 per
group). *P < 0.05, **P < 0.01 (one-way
ANOVA with Tukey’s multiple-comparisons
test). (E) Number of CD8+ T cells, granzyme
B+ CD8+ T cells, and IFNγ+TNFα+ CD8+

T cells in SL4 liver metastases or subcutane-
ous tumors, untreated or ICB-treated (n =
3 to 10 per group). **P < 0.01, ***P <
0.001 (one-way ANOVA with Tukey’s
multiple-comparisons test). Figure data are
combined from two separate experiments.
(F) Number of CD4+FOXP3� T cells and
IFNγ+TNFα+ CD4+FOXP3� T cells in SL4 liver
metastases or subcutaneous tumors,
untreated or ICB-treated (n = 3 to 10 per
group). ***P < 0.001, ****P < 0.0001 (one-
way ANOVA with Tukey’s multiple-
comparisons test). Figure data are com-
bined from two separate experiments. (G)
Number of CD4+FOXP3� T cells and

IFNγ+TNFα+ CD4+FOXP3� T cells in CT26 liver metastases or subcutaneous tumors, untreated or ICB-treated (n = 5 to 8 per group). *P < 0.05 (one-way
ANOVA with Tukey’s multiple-comparisons test). (H) Significantly down-regulated CD8+ T cell– or CD4+ T cell–related pathways in SL4 liver metastases ver-
sus SL4 subcutaneous tumors, untreated or ICB-treated (n = 5 per group). *FDR < 0.05, **FDR < 0.01, ***FDR < 0.001 (GSEA); FDR, false discovery rate.
Data are mean 6 SEM. ICB treatment and tumor tissue collection schedule follows A. PID, Pathway Interaction Database; GO, Gene Ontology; NES, Nor-
malized enrichment score.
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melanomas and non–small-cell lung cancers have been shown
to avoid immune recognition and attack by down-regulating
cancer cell MHC class I expression (39). Our GSEA showed a
down-regulation of the gene set “antigen processing and pre-
sentation of endogenous antigen” in liver metastases when
compared with their subcutaneous tumor counterparts (SI
Appendix, Fig. S6A). In liver metastases, we also found a signif-
icantly decreased expression of genes associated with endoge-
nous MHC class I antigen presentation (SI Appendix, Fig.
S6B), and a significantly decreased MHC class I protein
expression on the surface of cancer cells (SI Appendix, Fig.
S6C). Interferon-gamma (IFN-γ) can increase cancer cell
MHC class I expression (40) and is important for successful
anti–PD1 therapy in MC38 subcutaneous tumors (28); here,

we found that IFN-γ response and signaling gene sets were sig-
nificantly down-regulated in liver metastases (SI Appendix, Fig.
S6D). We therefore treated mice bearing liver metastases with
recombinant murine IFN-γ and/or ICB therapy. IFN-γ treat-
ment alone increased cancer cell MHC class I expression in
the liver metastases to levels higher than those observed in
subcutaneous tumors (SI Appendix, Fig. S5C). However, IFN-γ
treatment alone did not increase tumor infiltration of total
CD8+ T cells or PD1+ CD8+ T cells (SI Appendix, Fig. S6E).
The combination of IFN-γ treatment plus ICB therapy also
failed to improve mouse survival (SI Appendix, Fig. S6 F and
G). These results show that increasing cancer cell MHC class I
expression with IFN-γ treatment is also insufficient to sensitize
pMMR CRC liver metastases to ICB therapy.
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Fig. 3. pMMR CRC liver metastases have significantly fewer dendritic cells than subcutaneous tumor counterparts when treated with ICB therapy. (A)
Number of total dendritic cells, CD103+CD11b� dendritic cells, and CD103�CD11b+ dendritic cells in CT26 liver metastases or subcutaneous tumors,
untreated or ICB-treated (n = 7 to 9 per group). *P < 0.05, **P < 0.01 (one-way ANOVA with Tukey’s multiple-comparisons test). (B) Number of total dendritic
cells, CD103+CD11b� dendritic cells, and CD103�CD11b+ dendritic cells in SL4 liver metastases or subcutaneous tumors, untreated or ICB-treated (n = 6 to
8 per group). *P < 0.05 (one-way ANOVA with Tukey’s multiple-comparisons test). (C) Number of total GFP+ dendritic cells, GFP+ CD103+CD11b� dendritic
cells, and GFP+ CD103�CD11b+ dendritic cells in SL4-GFP liver metastases or subcutaneous tumors, untreated or ICB-treated (n = 6 to 8 per group). *P <
0.05, **P < 0.01 (one-way ANOVA with Tukey’s multiple-comparisons test). (D) Percentages of total dendritic cells, CD103+CD11b� dendritic cells, and
CD103�CD11b+ dendritic cells that express GFP in SL4-GFP liver metastases or subcutaneous tumors, untreated or ICB-treated (n = 6 to 8 per group).
*P < 0.05, **P < 0.01 (one-way ANOVA with Tukey’s multiple-comparisons test). (E) Number of total dendritic cells, CD103+CD11b� dendritic cells, and
CD103�CD11b+ dendritic cells in tdLNs of SL4 liver metastases or subcutaneous tumors, untreated or ICB-treated (n = 6 to 8 per group). *P < 0.05 (one-way
ANOVA with Tukey’s multiple-comparisons test). (F) Number of total GFP+ dendritic cells, GFP+ CD103+CD11b� dendritic cells, and GFP+ CD103�CD11b+

dendritic cells in tdLNs of SL4-GFP liver metastases or subcutaneous tumors, untreated or ICB-treated (n = 6 to 8 per group). *P < 0.05, **P < 0.01 (one-way
ANOVA with Tukey’s multiple-comparisons test). (G) Significantly down-regulated dendritic cell–related pathways in SL4 liver metastases versus SL4 subcu-
taneous tumors, untreated or ICB-treated (n = 5 per group). *FDR < 0.05, **FDR < 0.01, ***FDR < 0.001, ****FDR < 0.0001 (GSEA). Data are mean 6 SEM.
ICB treatment and tumor tissue collection schedule follows Fig. 2A.
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Flt3L Treatment Improves Dendritic Cell Infiltration and Sensitizes
pMMR CRC Liver Metastases to ICB Therapy. There is increasing
evidence that dendritic cells are important in the antitumor
immune response generated in effective cancer immunotherapies
(27, 28). Our data also suggest that dendritic cells are likely to be
insufficiently abundant in the pMMR CRC liver metastases for
ICB therapy to be effective (Fig. 3 A and B). We therefore inves-
tigated strategies to improve dendritic cell infiltration in the
pMMR CRC liver metastases. FMS-like tyrosine kinase 3 ligand
(Flt3L) is a growth factor that promotes the expansion of den-
dritic cell progenitors (41, 42); we therefore treated mice bearing
liver metastases with Flt3L (CDX-301; Celldex Therapeutics) and
combined with ICB therapy (Fig. 4A). Flt3L treatment combined
with ICB therapy significantly increased total dendritic cells,
CD103+CD11b� dendritic cells, and CD103�CD11b+ dendritic
cells in liver metastases (Fig. 4B). Using SL4-GFP cells, Flt3L
plus ICB therapy also increased the number of dendritic cell pop-
ulations that expressed tumor-derived GFP (Fig. 4C). Total CD8+

Tcells, granzyme B+ CD8+ Tcells, PD1+ CD8+ Tcells, and PD1+

CD4+FOXP3� Tcells were also significantly increased with Flt3L
plus ICB therapy (Fig. 4D and E). Importantly, Flt3L plus ICB
therapy significantly improved survival of mice with liver metasta-
ses and was better than Flt3L alone in both SL4 and CT26
liver metastases (Fig. 4 F and G). Altogether, these results indi-
cate that the combination of Flt3L and ICB therapy increases
intratumoral dendritic cell infiltration and T cell infiltration
and activation, and is effective in treating pMMR CRC
liver metastases.

IFN-α Treatment Can Improve Dendritic Cell Infiltration and Mouse
Survival. Type I IFN signaling like IFN-α has been shown to be
required for the accumulation of dendritic cells in tumors and
antitumor T cell priming (43); type I IFN signaling and produc-
tion gene sets were significantly down-regulated in liver metas-
tases versus their subcutaneous tumor counterparts (Fig. 5A).
We therefore determined whether treatment with recombinant
murine IFN-α could increase tumor infiltration of dendritic
cells in liver metastases and sensitize the tumors to ICB
therapy. Indeed, IFN-α treatment alone increased the frequen-
cies of tumor-infiltrating dendritic cells, including both
CD103+CD11b� and CD103�CD11b+ subsets, in liver metasta-
ses (Fig. 5B). The frequencies of CD8+ T cells, including gran-
zyme B+ and PD1+ subsets, also increased, whereas those of
CD4+FOXP3� T cells and PD1+ CD4+FOXP3� T cells did not
(Fig. 5C and D). IFN-α treatment alone effectively improved
the survival of mice with liver metastases. But, unlike Flt3L
treatment, IFN-α treatment combined with ICB therapy was
not better than IFN-α treatment alone in both models of
pMMR CRC liver metastases (Fig. 5 E and F). These results
indicate that while IFN-α treatment can improve dendritic cell
infiltration and survival of mice with pMMR CRC liver metas-
tases, it likely triggers other changes that cause the addition of
ICB therapy to have no additive benefit.

Radiation plus ICB Therapy Can Improve Dendritic Cell Infiltration
and Mouse Survival. Apart from directly killing cancer cells, radi-
ation can also activate dendritic cells and increase their cross-

Table 1. The effect of different interventions on the efficacy of ICB therapy in pMMR CRC liver metastases

Target Ref. Intervention Effect of intervention

Efficacy of
intervention as
monotherapy

Efficacy of
intervention in

combination with
ICB therapy Fig.

Inhibitory cell type

Ly-6C+ monocytes (36) Anti–CSF-1–depleting
antibody

Ly-6C+ monocytes
significantly decreased

(SL4)

Ineffective (SL4) Ineffective (SL4) SI Appendix, Fig. S5

CD11b+F4/80+
macrophages

(37, 38) Anti–CSF-1–depleting
antibody

CD11b+F4/80+

macrophages depleted
(SL4)

Ineffective (SL4) Ineffective (SL4) SI Appendix, Fig. S5

Ly-6G+ neutrophils (10) Anti–Gr-1–depleting
antibody

Ly-6G+ neutrophils
depleted (SL4)

Ineffective (SL4) Ineffective (SL4) SI Appendix, Fig. S5

Essential component/cell type

Cancer cell MHC
class I expression

(39, 40) IFN-γ treatment Cancer cell MHC class I
expression "; no effect
on CD8+ T cells or PD1+

CD8+ T cells

Ineffective (SL4
and CT26)

Ineffective (SL4 and
CT26)

SI Appendix, Fig. S6

Dendritic cells* (41, 42) Flt3L treatment (Flt3L+ICB) Dendritic
cells, CD8+ T cells,

CD4+FOXP3� T cells "
(SL4)

Ineffective (SL4);
improved survival

(CT26)

Flt3L+ICB better
than Flt3L alone (SL4

and CT26)

Fig. 4

Dendritic cells (43) IFN-α treatment Dendritic cells, CD8+ T
cells "; CD4+FOXP3� T
cells unchanged (SL4)

Improved survival
(SL4 and CT26)

IFN-α+ICB not better
than IFN-α alone
(SL4 and CT26)

Fig. 5

Dendritic cells (44, 45) Radiation (Radiation+ICB)
Dendritic cells,

CD4+FOXP3� T cells,
CD8+ T cells " (CT26)

Improved survival
(CT26); very
effective as

monotherapy
(SL4)

Radiation+ICB more
effective than
radiation alone

(CT26);
radiation+ICB not

better than
radiation alone (SL4)

Fig. 6

(Radiation+ICB)
Dendritic cells,

CD4+FOXP3� T cells ";
CD8+ T cells unchanged

(SL4)

*Flt3L treatment in combination with ICB therapy was better than Flt3L monotherapy in both SL4 and CT26 pMMR CRC liver metastases.
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presentation of tumor antigens (44). Radiation also induces the
production of type I IFN by cancer cells (45). We thus also inves-
tigated the possibility that radiation could sensitize pMMR CRC
liver metastases to ICB therapy, using a conventional radiation
dose of three fractions of 8 Gy (46). We found that radiation plus
ICB therapy increased total dendritic cells, CD103+CD11b� den-
dritic cells, and CD103�CD11b+ dendritic cells in both CT26 and
SL4 liver metastases (Fig. 6 A and B). In addition, radiation plus
ICB therapy increased the number of total dendritic cells,
CD103+CD11b� dendritic cells, and CD103�CD11b+ dendritic
cells that expressed tumor-derived GFP in SL4-GFP liver metas-
tases (Fig. 6C). Radiation plus ICB therapy also increased total
CD4+FOXP3� T cells and PD1+CD4+FOXP3� T cells (Fig. 6 D
and E). However, radiation therapy alone and radiation plus ICB
therapy only increased total CD8+ T cells, granzyme B+ CD8+ T
cells, and PD1+ CD8+ T cells in CT26 liver metastases, and not
in SL4 (Fig. 6 F and G). Finally, radiation plus ICB therapy was
more effective at improving mouse survival than radiation alone
in CT26 liver metastases (Fig. 6H). By contrast, in SL4 liver
metastases, radiation therapy alone was very effective, but the
addition of ICB therapy did not improve survival further (Fig.
6I). There was no difference between the cell-intrinsic radiosensi-
tivity of CT26 and SL4 cancer cells (SI Appendix, Fig. S7). These
results indicate that depending on the tumor’s characteristics, the
combination of radiation and ICB therapy could significantly
improve treatment of pMMR CRC liver metastases refractory to
ICB therapy.

Human CRC Liver Metastases and MSS Primary CRC Have Fewer T
Cells and Dendritic Cells than MSI-H Primary CRC and Melanomas.
To further test whether our orthotopic pMMR CRC mouse
models recapitulate important features of the human disease,
we compared RNA-seq data of human CRC liver metastases
(CRCLiM), human primary CRC (MSS) (CRCPC MSS),

human primary CRC (MSI-H) (CRCPC MSI-H), and human
melanomas (SKCM); all of these tumors had received no prior
treatment. We considered these different tumor types because
our orthotopic liver metastasis and colon tumor models repre-
sent CRC liver metastases and MSS primary CRC, respectively,
while MSI-H CRC and melanomas are two of the most respon-
sive tumor types to ICB therapy (2, 7). From the RNA-seq
data, we calculated the gene set variation analysis (GSVA)
enrichment scores for different immune cell types with previ-
ously published gene expression profiles (47). We found that
human CRC liver metastases and MSS primary CRCs had sig-
nificantly lower enrichment scores for activated CD4+ T cells
than MSI-H primary CRCs (Fig. 7A). CRC liver metastases
and MSS primary CRCs also had significantly lower enrichment
scores for central memory CD4+ T cells, central memory CD8+

Tcells, and effector memory CD8+ T cells than MSI-H primary
CRCs and melanomas (Fig. 7 A and B). In addition, enrich-
ment scores for activated and immature dendritic cells were
also lower in CRC liver metastases and MSS primary CRCs
(Fig. 7C). These human data suggest that, similar to our ortho-
topic mouse models, human CRC liver metastases and MSS
primary CRC have a paucity of Tcells and dendritic cells.

Discussion
The tumor microenvironment where cancer cells are grown in
preclinical mouse models has been shown to significantly affect
the resultant tumors’ growth and response to therapies (48–52).
For CRC, there have been several studies showing that
anti–PD1 and/or anti–CTLA-4 ICB treatments are very effec-
tive in treating subcutaneous tumor models of MC38 or CT26
CRC grown in syngeneic mice (9, 10, 19). However, the com-
parison of the efficacy of ICB therapy in orthotopic CRC liver
metastasis mouse models in immunocompetent mice with sub-
cutaneous tumor models has not been studied in great detail.

A B

C

D

F G

E

Fig. 4. Flt3L treatment improves dendritic
cell infiltration and sensitizes pMMR CRC
liver metastases to ICB therapy. (A) Sche-
matic illustrating Flt3L treatment in mice
bearing SL4 liver metastases for B to E.
Flt3L is given daily, i.p., at 30 mg per mouse.
(B) Number of total dendritic
cells, CD103+CD11b� dendritic cells, and
CD103�CD11b+ dendritic cells in SL4 liver
metastases, untreated or treated with ICB
alone, Flt3L alone, or Flt3L plus ICB (n =
8 or 9 per group). ***P < 0.001, ****P <
0.0001 (two-tailed unpaired t test). (C)
Number of total dendritic cells,
CD103+CD11b� dendritic cells, and
CD103�CD11b+ dendritic cells that express
tumor-derived GFP in SL4-GFP liver metas-
tases, untreated or treated with ICB alone,
Flt3L alone, or Flt3L plus ICB (n = 8 or 9 per
group). **P < 0.01, ****P < 0.0001 (two-
tailed unpaired t test). (D) Number of total
CD8+ T cells, granzyme B+ CD8+ T cells, and
PD1+ CD8+ T cells in SL4 liver metastases,
untreated or treated with ICB alone, Flt3L
alone, or Flt3L plus ICB (n = 8 or 9 per
group). **P < 0.01 (two-tailed unpaired t
test). (E) Number of total CD4+FOXP3� T
cells and PD1+ CD4+FOXP3� T cells in SL4
liver metastases, untreated or treated with
ICB alone, Flt3L alone, or Flt3L plus ICB (n =
8 or 9 per group). **P < 0.01, ***P < 0.001

(two-tailed unpaired t test). (F) Survival of mice bearing SL4 liver metastases (n = 11 per group), untreated or treated with ICB alone, Flt3L alone, or Flt3L
plus ICB. n.s., P > 0.05; *P < 0.01 (log-rank test). (G) Survival of mice bearing CT26 liver metastases (n = 11 or 12 per group), untreated or treated with ICB
alone, Flt3L alone, or Flt3L plus ICB. **P < 0.01, ***P < 0.001 (log-rank test). Data are shown as mean 6 SEM. ICB: anti–PD1 (200 mg per mouse) plus
anti–CTLA-4 (100 mg/mouse); i.v. injection.
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We characterized three different mouse CRC cell lines, MC38,
CT26, and SL4, and determined that CT26 and SL4 are pMMR
CRC cell lines with low TMB. We then show that anti–PD1 plus
anti–CTLA-4 (ICB therapy) is ineffective in treating CT26 and
SL4 orthotopic liver metastases in mice, which recapitulates the
clinical experience with pMMR metastatic CRC patients. On the
contrary, we show that ICB therapy is very effective in treating
subcutaneous tumors of the same cell lines. Also, many studies
have used subcutaneous tumors assuming that these models rep-
resent the characteristics of primary tumors, for example subcuta-
neously grown prostate cancer to represent primary prostate can-
cers (51) and subcutaneously grown MC38 tumors to represent
primary colon tumors (37). We show that when CT26 and SL4
are grown in the colon as primary colon tumors, ICB therapy is
ineffective in treating the resultant colon tumors, a significant
contrast compared with its strong efficacy in treating their subcu-
taneous tumor counterparts. Our results emphasize that the
microenvironment where cancer cells grow can significantly influ-
ence their response to therapy, especially immunotherapy such as
ICB, and that to best recapitulate in preclinical studies what is
observed in human patients, cancer cells should be grown in the
appropriate anatomical location of the mouse. In the case of
pMMRCRC cell lines like CT26 and SL4, these should be grown
either in the liver as liver metastases or in the colon as primary
colon tumors. Our results also corroborate the known tolerogenic
properties of the liver microenvironment which has been shown
to influence antigen-presenting cell function (53) and adaptive
immunity (54). In addition, widely used subcutaneous tumor
models appear to be overly sensitive to immunotherapy
approaches. Therefore, caution should be exercised in interpret-
ing and translating such results.

Our study is a cautionary tale that in order for preclinical
mouse studies to better predict or recapitulate the response of
human cancer patients to different treatments, the correct
orthotopic mouse models have to be used. We refer to a pre-
clinical study that showed that the combination of MEK inhibi-
tion and anti–PD-L1 therapy had durable responses in CT26
subcutaneous tumors (55). This preclinical study eventually led
to a phase III clinical trial that evaluated the combination of
the MEK inhibitor cobimetinib and the anti–PD-L1 therapy
atezolizumab in metastatic CRC patients, with a majority of
patients enrolled having pMMR tumors. Unfortunately, the
phase III clinical trial failed to meet the desired primary end
point of overall survival (56). Although we do not prove defini-
tively that using an orthotopic tumor model might have helped
reach a clinically relevant conclusion for this drug combination,
we show that mouse models of orthotopic pMMR CRC liver
metastasis can more accurately recapitulate ineffective ICB
therapy in patients with pMMR metastatic CRC. These ortho-
topic liver metastasis mouse models should also be useful tools
for the preclinical evaluation of novel drug combinations for
patients with pMMR CRC liver metastasis, especially combina-
tions involving ICB therapy (57).

Dendritic cells have a vital role in cancer immunity and
immunotherapy (29), and we found a clear paucity of dendritic
cells in the ICB-treated pMMR CRC liver metastases. The
administration of Flt3L, a growth factor involved in the expan-
sion of dendritic cell progenitors (58), has been shown to
improve cancer immunosurveillance in mice (42) and to
increase response to anti–PD-L1 therapy in mouse melanoma
lesions (41). Here, we show that Flt3L treatment plus ICB
therapy can increase the infiltration of dendritic cells, CD4+

A

B

E F

C D

Fig. 5. IFN-α treatment can improve dendritic cell infiltration and mouse survival. (A) Significantly down-regulated type I IFN-related pathways in SL4
liver metastases versus SL4 subcutaneous tumors, untreated or ICB-treated (n = 5 per group). *FDR < 0.05, **FDR < 0.01, ****FDR < 0.0001 (GSEA). (B)
Number of total dendritic cells, CD103+CD11b� dendritic cells, and CD103�CD11b+ dendritic cells in SL4 liver metastases, untreated or treated with IFN-α
(n = 7 or 8 per group). **P < 0.01 (two-tailed unpaired t test). (C) Number of total CD8+ T cells, granzyme B+ CD8+ T cells, and PD1+ CD8+ T cells in SL4
liver metastases, untreated or treated with IFN-α (n = 7 or 8 per group). *P < 0.05, **P < 0.01 (two-tailed unpaired t test). (D) Number of total
CD4+FOXP3� T cells and PD1+ CD4+FOXP3� T cells in SL4 liver metastases, untreated or treated with IFN-α (n = 7 or 8 per group). n.s., P > 0.05 (two-tailed
unpaired t test). (B–D) IFN-α: 20,000 units daily, i.p., 11 d. Tumor tissue collection: day after last treatment. (E) Survival of mice bearing SL4 liver metastases
(n = 8 or 9 per group), untreated or treated with ICB alone, IFN-α alone, or IFN-α plus ICB. n.s., P > 0.05; *P < 0.05, **P < 0.01, ***P < 0.001 (log-rank
test). IFN-α: 20,000 units daily, i.p., on the indicated days. (F) Survival of mice bearing CT26 liver metastases (n = 8 to 11 per group), untreated or treated
with ICB alone, IFN-α alone, or IFN-α plus ICB. n.s., P > 0.05; *P < 0.05, **P < 0.01 (log-rank test). IFN-α: 20,000 units daily, i.p., on the indicated days. Data
are mean 6 SEM. ICB: anti–PD-1 (200 mg per mouse) plus anti–CTLA-4 (100 mg per mouse); i.v. injection.
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FOXP3� T cells, and CD8+ T cells in pMMR CRC liver metas-
tases that were previously lacking in these immune cell types.
We also show that Flt3L treatment plus ICB therapy signifi-
cantly improved mouse survival and was better than Flt3L
treatment alone in two models of pMMRCRC liver metastases.
These results indicate that the combination of Flt3L plus ICB
therapy could potentially be an effective treatment option for
patients with pMMR CRC liver metastases, a tumor type that
has typically very poor response to immunotherapy, and war-
rants further investigation.

We also used IFN-α treatment to improve dendritic cell infil-
tration in the liver metastases and determined subsequent ICB
efficacy. While IFN-α treatment successfully increased dendritic
cell infiltration and CD8+ Tcell activation and improved mouse
survival as a monotherapy, the addition of ICB therapy to IFN-
α treatment had no additional benefit. Possible explanations for
this include the lack of increase in CD4+FOXP3� T cells, or
that IFN signaling in cancer cells can up-regulate a tumor-
intrinsic resistance program against ICB treatment (59). Pro-
longed IFN treatment can also cause terminal exhaustion of
the CD8+ T cells (40). Therefore, more work has to be per-
formed to understand the interaction of IFN-α treatment and

ICB therapy in the treatment of pMMR CRC liver metastases
(60). Radiation can also activate dendritic cells in tumors (44),
and has been shown to synergize with various ICB therapies in
subcutaneous tumors (61, 62). We found that whole-liver irradi-
ation plus ICB therapy successfully increased dendritic cell and
CD4+FOXP3� T cell infiltration into both models of pMMR
CRC liver metastases. But only in CT26, the model with higher
TMB, was radiation plus ICB therapy more effective than radi-
ation alone. These results raise the important clinical question
regarding which pMMR metastatic CRC patients would likely
benefit from a combination of radiation plus ICB, and which
patients would be able to achieve a durable response with radi-
ation alone (46, 63). Our data suggest that patients with a
higher TMB might be more likely to benefit from a combina-
tion of radiation plus ICB. A deeper understanding of the
differences in mechanisms involved in these two models is nec-
essary toward selecting the best treatment for patients with
pMMR metastatic CRC.

In conclusion, we strongly recommend that orthotopic tumor
models, and not subcutaneous tumor models, be used to inform
the design of human clinical trials, especially in pMMR meta-
static CRC. We also show that ICB therapy resistance in

B

C

E

A

D

F

H J

G

Fig. 6. Radiation plus ICB therapy can
improve dendritic cell infiltration and
mouse survival. (A) Number of total
dendritic cells, CD103+CD11b� dendritic
cells, and CD103�CD11b+ dendritic cells in
CT26 liver metastases, untreated or treated
with ICB alone, radiation alone, or radia-
tion plus ICB (n = 7 to 15 per group). *P <
0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001 (one-way ANOVA with Tukey’s
multiple-comparisons test). There is no
GFP+ dendritic cell data for CT26 liver
metastasis because the CT26 cell line used
is not transfected with the GFP-Gluc con-
struct. (B) Number of total dendritic cells,
CD103+CD11b� dendritic cells, and
CD103�CD11b+ dendritic cells in SL4 liver
metastases, untreated or treated with ICB
alone, radiation alone, or radiation plus ICB
(n = 7 or 8 per group). *P < 0.05, **P <
0.01 (one-way ANOVA with Tukey’s
multiple-comparisons test). (C) Number of
total dendritic cells, CD103+CD11b– den-
dritic cells, and CD103–CD11b+ dendritic
cells that express tumor-derived GFP in SL4-
GFP liver metastases, untreated or treated
with ICB alone, radiation alone, or radia-
tion plus ICB (n = 7 or 8 per group). *P <
0.05, **P < 0.01 (one-way ANOVA with
Tukey’s multiple-comparisons test). (D)
Number of total CD4+FOXP3� T cells and
PD1+ CD4+FOXP3� T cells in CT26 liver
metastases, untreated or treated with ICB
alone, radiation alone, or radiation plus ICB
(n = 7 to 15 per group). *P < 0.05, **P <
0.01, ***P < 0.001 (one-way ANOVA with
Tukey’s multiple-comparisons test). (E) Num-
ber of total CD4+FOXP3– T cells and PD1+

CD4+FOXP3– T cells in SL4 liver metastases,
untreated or treated with ICB alone, radiation alone, or radiation plus ICB (n = 7 or 8 per group). *P < 0.05, **P < 0.01 (one-way ANOVA with Tukey’s
multiple-comparisons test). (F) Number of total CD8+ T cells, granzyme B+ CD8+ T cells, and PD1+ CD8+ T cells in CT26 liver metastases, untreated or
treated with ICB alone, radiation alone, or radiation plus ICB (n = 7 to 15 per group). *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA with Tukey’s
multiple-comparisons test). (G) Number of total CD8+ T cells, granzyme B+ CD8+ T cells, and PD1+ CD8+ T cells in SL4 liver metastases, untreated or treated
with ICB alone, radiation alone, or radiation plus ICB (n = 7 or 8 per group). n.s., P > 0.05 (one-way ANOVA with Tukey’s multiple-comparisons test). (A,
D, and F) Radiation: 8 Gy; ICB: days 11, 14, and 17; tumor tissue collection: day 20. (B, C, E, and G) Radiation: 8 Gy; ICB: days 7, 10, and 13; tumor tissue col-
lection: day 17. (H) Survival of mice bearing CT26 liver metastases (n = 8 to 11 per group), untreated or treated with ICB alone, radiation alone, or radia-
tion plus ICB. n.s., P > 0.05; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (log-rank test). (I) Survival of mice bearing SL4 liver metastases (n = 8 or 9
per group), untreated or treated with ICB alone, radiation alone, or radiation plus ICB. n.s., P > 0.05; ****P < 0.0001 (log-rank test). Data are mean 6
SEM. ICB: anti–PD1 (200 mg per mouse) plus anti–CTLA-4 (100 mg per mouse); i.v. injection.
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pMMR CRC liver metastases can be mitigated by increasing
the frequency of dendritic cells to promote infiltration and acti-
vation of effector Tcells.

Methods
Mice. Male 6- to 10-wk-old C57BL/6 wild-type (WT) and BALB/c WT mice were
used in the animal experiments. Mice were bred andmaintained in the Edwin L.
Steele gnotobiotic animal facility at Massachusetts General Hospital (MGH). All
mouse experiments strictly abided by the Public Health Service Policy onHumane
Care of Laboratory Animals. All mouse experimental procedures performed
were approved by the Institutional Animal Care and Use Committee atMGH.

Cell Lines. The CT26 mouse CRC cells were purchased from the American Type
Culture Collection. The SL4 mouse CRC cells were a kind gift from T. Irimura
(Graduate School of Pharmaceutical Sciences, Tokyo University, Tokyo, Japan)
(16). The MC38 mouse CRC cells were a kind gift from A. Sharpe (Department
of Immunology, Harvard Medical School, Boston, MA). SL4 cells were cultured
in Dulbecco’s modified Eagle’s medium/F12 (1:1) supplemented with 10%
fetal bovine serum (FBS). CT26 andMC38were cultured in RPMI-1640medium
supplemented with 10% FBS. For in vivo implantation, the cells were grown
to ∼70% confluency, washed with phosphate-buffered saline (PBS), counted,
and resuspended in the appropriate media. SL4 cells transfected previously
with a lentiviral vector encoding both GFP and Gluc (14) were also used.

Mouse Tumor Models. The orthotopic liver metastasis mouse model that we
used throughout the manuscript is a hemispleen injection model that has been
described previously (14). Briefly, the spleen was split into two sectors, and
50,000 cancer cells were injected into the distal caudal sector, which was then
resected. The other sector of the spleen was kept in place to maintain systemic
immunity. CT26 tumor formation in the liver was confirmed by a high-frequency
ultrasound imaging system (VisualSonic Vevo 2100 System) and SL4 tumor bur-
den was measured by blood Gaussia luciferase (Gluc) secreted from Gluc-
transduced tumors (64, 65). Direct hepatic portal vein injection was also used for
the orthotopic liver metastasis mousemodel only when stated in the text (21).

The orthotopic primary colon tumor mouse model we used has also been
described previously (15). Briefly, the cecum was exteriorized, and 500,000
cancer cells were injected into the cecal wall between the serosa and mucosa
from the serosal side. Tumor burden was monitored similarly by either ultra-
sound or blood Gluc measurements.

For the subcutaneous tumor mouse models, 500,000 cancer cells were
injected under the skin of the hind flank of the mice. Calipers were used to
measure tumor volume andmonitor tumor growth.

In all models, mouse death was determined when the tumor volume
exceeds 1,600 mm3 or when themouse reaches a moribund state.

Drug Treatments. For all in vivo studies, mice were randomized by tumor vol-
umemeasured by ultrasound or calipers, or by blood Gluc concentration.

For ICB treatment, 200 mg of anti–PD1 from BioXCell (clone RMP1-14) and
100 mg of anti–CTLA-4 from BioXCell (clone 9D9) were given intravenously
(i.v.) every 3 d for a total of three doses. For the SL4 liver metastasis mouse
model, ICB treatment was started when blood Gluc values had increased
significantly from baseline values of ∼1 × 103 relative light units per second
(RLU/s) to values greater than 3 × 103 RLU/s. For the CT26 liver metastasis
mouse model, ICB treatment was started whenmetastasis was visible by ultra-
sound (whenmetastatic nodules were∼1 × 1mm). For the CT26 primary colon
tumor mouse model, ICB was started when the average tumor size was about
4 × 4mmby ultrasound. For SL4 and CT26 subcutaneous tumor mousemodels,
ICB was started on day 7 post tumor implantation when the average tumor
size was about 4 × 4mm.

Anti-mouse Gr-1 from BioXCell (clone RB6-8C5) (250 mg) was given intra-
peritoneally (i.p.) every 3 d starting 1 to 2 d before the first ICB treatment.
Anti-mouse CSF-1 from BioXCell (clone 5A1) was given i.p. every 4 d starting 1
to 2 d before the first ICB treatment. The first anti-mouse CSF-1 dosewas 1 mg
per mouse, with subsequent doses being 0.5 mg per mouse. Five thousand or
10,000 units of murine recombinant IFN-γ from PeproTech (315-05) was given
i.v. daily for the stated duration. Twenty thousand units of murine recombi-
nant IFN-α from BioLegend (752808) was given i.p. daily (66) for the stated
duration. Thirty micrograms of Flt3L (CDX-301) from Celldex Therapeutics was
given i.p. daily (41, 42) for the stated duration.

Radiation Therapy. Irradiation of mice was performed using an X-RAD 320
Irradiation System (Precision X-Ray), one mouse at a time. The mouse first had
hair removed from its abdomen using hair removal cream. Ultrasound imag-
ing (VisualSonic Vevo 2100 System) was then used to locate the liver of the
mouse. The mouse was then secured to a mouse holder and a lead block with
a hole of diameter 20 mm was placed on top of the abdomen of the mouse,
with the hole exposing the part of the mouse to be irradiated. The whole liver
of the mouse was then irradiated with a vertical X-ray beam at a dose rate of
3.5 Gy/min. Mice were irradiated with three doses of 8-Gy radiation, with a
3-d interval between doses, concomitant with ICB therapy.

Whole-Exome Sequencing of Mouse Syngeneic Cancer Cell Lines. Whole-
exome sequencing was performed by the Beijing Genomics Institute. Genomic
DNA (1 μg) was first randomly fragmented by Covaris. Fragmented DNA was
selected by an Agencourt AMPure XP-Medium Kit to an average size of 200 to
400 bp. The selected fragments were end-repaired, 30-adenylated, adapter-
ligated, and PCR-amplified and the products were recovered using the Axy-
Prep Mag PCR Clean-Up Kit. The PCR products were hybridized with Agilent
Hybridization and Wash Kits. After that, the AxyPrep Mag PCR Clean-Up Kit
was used to recover the products as before. The double-stranded PCR products
were heat-denatured and circularized by the splint oligo sequence, forming
the final library of single-stranded circular DNA. The library was amplified to
make DNA nanoballs (DNBs). The DNBs were loaded into the patterned nano-
array and paired-end 100 base reads were generated by sequencing with com-
binatorial probe–anchor synthesis on the DNBseq platform.
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B Fig. 7. Human CRC liver metastases and MSS CRC
primary tumors have a paucity of CD4+ T cells, CD8+

T cells, and dendritic cells. (A) GSVA enrichment
score of activated CD4+ T cells and central memory
CD4+ T cells in human CRC liver metastases
(CRCLiM), MSS CRC primary tumors (CRCPC MSS),
MSI-H CRC primary tumors (CRCPC MSI-H), and
melanoma tumors (SKCM). *P < 0.05, **P < 0.01,
****P < 0.0001 (one-way ANOVA with Tukey’s
multiple-comparisons test). (B) GSVA enrichment
score of central memory CD8+ T cells and effector
memory CD8+ T cells in human CRC liver metastases
(CRCLiM), MSS CRC primary tumors (CRCPC MSS),
MSI-H CRC primary tumors (CRCPC MSI-H), and
melanoma tumors (SKCM). *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001 (one-way ANOVA
with Tukey’s multiple-comparisons test). (C) GSVA
enrichment score of activated dendritic cells and
immature dendritic cells in human CRC liver metas-
tases (CRCLiM), MSS CRC primary tumors (CRCPC
MSS), MSI-H CRC primary tumors (CRCPC MSI-H), and
melanoma tumors (SKCM). *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001 (one-way ANOVA with
Tukey’s multiple-comparisons test). CRCLiM: n = 25;
CRCPC MSS: n = 336; CRCPC MSI-H: n = 58; SKCM:
n = 473. Data are mean 6 SEM.
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Analysis of Whole-Exome Sequencing Data. Raw FASTQ files were trimmed
using Trimmomatic (67). Trimmed FASTQ files were aligned to the mouse
Ensembl GRCm38 reference genome using the Burrows–Wheeler Aligner (68),
MEM algorithm. The Genome Analysis Toolkit (69) was used to call variants
between the cancer cell line and the reference genome. For CT26, germline
variants present in the Balb/c mouse strain were subtracted from the called
variants. Functional impact of single-nucleotide polymorphisms (SNPs) and
indels was annotated using SnpEff (70).

Flow Cytometry. Liver metastasis nodules were isolated from normal liver tis-
sue in mice bearing liver metastasis. Subcutaneous tumors were excised from
the mouse’s flank. The isolated tumors were diced into small pieces and incu-
bated in digestion buffer (1.5 mg/mL collagenase, 1.5 mg/mL hyaluronidase,
and 20 mg/mL DNase in Hanks’ balanced salt solution) for 1 h. The resulting
suspension was passed through 70-mm cell strainers and centrifuged. The
supernatant was discarded, and the cell pellet was resuspended in ammo-
nium-chloride-potassium lysing buffer to lyse the red blood cells. The resulting
suspension was centrifuged, resuspended in flow cytometry staining buffer
(2% FBS in PBS), and passed through 40-mm cell strainers. The resulting single-
cell suspension was then split into aliquots for appropriate staining of flow
cytometry antibodies.

For tdLN analysis of liver metastases, the portal, celiac, and first mesenteric
LNs that drain the liver were collected (71). For tdLN analysis of subcutaneous
tumors, the inguinal LNs on the same flank as the subcutaneous tumor were
collected. The collected tdLNs were meshed through 70-mm cell strainers, cen-
trifuged, resuspended in flow cytometry staining buffer, passed through
40-mm cell strainers, and split into aliquots for staining.

For blocking of Fc receptors, the anti-mouse CD16/32 antibody (clone 93)
was used. Antibodies were purchased from BioLegend unless specified other-
wise. For extracellular staining, the following antibodies were used: CD45-
PerCP, CD45-Alexa700 (clone 30-F11), CD3-PE-Dazzle (clone 17A2), CD4-PE-Cy7
(clone RM4-5), CD8-APC-Cy7 (clone 53-6.7), NK1.1-PE (clone PK136), PD-1-PE
(clone 29F.1A12), CD11c-FITC, CD11c-BV605 (clone N418), F4/80-APC-Cy7
(clone BM8), Ly-6C-APC (clone HK1.4), MHCII-PE (clone M5/114.15.2), CD24-
Alexa700 (clone M1/69), CD11b-PE-Dazzle (clone M1/70), B220-APC-Cy7 (clone
RA3-6B2), NKp46-APC (clone 29A1.4), CD49b-PE-Cy7 (clone DX5), CD103-PE-
Cy7 (clone 2E7), CD80-BV421 (clone 16-10A1), CD86-BV510 (clone GL-1), MHCI-
Alexa647 (clone 28-8-6), MHCI-APC (clone 34-1-2S), Ly-6G-PE (clone 1A8), and
CD206-Alexa700 (clone C068C2). For intracellular staining, the eBioscience
Foxp3/transcription factor staining buffer set and the following antibodies
were used: granzyme B-FITC (clone GB11), FOXP3-APC (clone FJK-16s;
eBioscience), IFN-γ-Alexa700 (clone XMG1.2), and TNFα-PE (clone MP6-XT22).
For intracellular staining of cytokines, cells were incubated for 4 h in the cell
activation mixture (with brefeldin A) from BioLegend.

The stained single-cell suspensions were recorded on either a BD LSR II or a
BD Fortessa X-20 flow cytometry machine. The FCS data files were then ana-
lyzed by FlowJo v10.

RNA Extraction and qRT-PCR. Tumor samples were snap-frozen in liquid nitro-
gen and stored at �80 °C. RNA was extracted from the frozen tumor samples
using the QIAGEN RNeasy Mini Kit. Complementary DNA was synthesized
from extracted RNA using iScript Reverse Transcription Supermix (Bio-Rad Lab-
oratories). Relative gene expressions of various genes were determined using
SYBR Green PCR Master Mix (Applied Biosystems), their respective forward
and reverse primers, and a StratageneMx3000P qPCR System. All gene expres-
sion values were normalized to the expression of mouse glyceraldehyde-
3-phosphate dehydrogenase (GAPDH).

RNA-seq. Sequencing of extracted RNA from bulk tumor tissue was performed
by the Massachusetts Institute of Technology BioMicro Center. A Fragment
Analyzer (Advanced Analytical Technologies) was used to confirm the quality
of the RNA samples. The Kapa HyperPrep Kit (Roche) was then used to prepare
and index Illumina libraries from ∼250 ng of total RNA. The libraries were

confirmed using the Fragment Analyzer, and qPCR was used to quantify the
libraries. The libraries were then pooled and sequenced on an Illumina NextSeq
500 with 40+ 40 paired-end reads. Custom scripts were used to demultiplex
the samples and allow single mismatches to the index sequencing.

Analysis of RNA-seq Data. STAR (72) was used to align the raw FASTQ files to
the mouse Ensembl GRCm38 reference genome. Gene read counts were then
generated using the Bioconductor R package GenomicAlignments (73). Differ-
entially expressed genes and normalized gene read counts were obtained
using DESeq2 (74). GSEA software from the Broad Institute (75, 76) was used
to performGSEA.

Analysis of Publicly Available Human Datasets. Raw RNA-seq counts of
human CRC liver metastases with no prior treatment were downloaded from
GSE145432 (77) and GSE151165 (78). Raw RNA-seq counts of human primary
CRC (both MSS and MSI-H) and melanomas, all untreated, were downloaded
from The Cancer Genome Atlas (TCGA). Gene expression profiles for different
immune cell types were obtained from Charoentong et al. (47). GSVA (79) was
used to obtain GSVA enrichment scores for each immune cell type.

Radiosensitivity Measurements. Single-cell suspensions were prepared,
counted, and seeded (1.0 × 105 cells) into 25-cm2

flasks 20 to 24 h before
experiments. Then, cells were trypsinized, divided, and plated (50 to 2,500
cells) into eachwell of the 6-well plates, and irradiated 3 h later with a 320-kV,
12.5-mA X-ray at a nominal dose rate of 1.67 Gy/min (five doses: 0 to 8 Gy in
2-Gy increments). Cells were then incubated for 7 to 10 d for colony formation
following the irradiation exposure depending on the dose administered. The
surviving fraction data were corrected for initial and final multiplicity (80).
The in vitro experiments were repeated at least three times.

Statistical Analyses. Statistical analyses were all performed in GraphPad Prism 7.

Data Availability. Raw RNA-sequencing data of mouse liver metastases and
subcutaneous tumors performed in this study have been deposited in the
National Center for Biotechnology Information (NCBI) Sequence Read Archive
under BioProject ID code PRJNA710489. All study data are included in the arti-
cle and/or supporting information.
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