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Abstract
Background: Immune checkpoint blockade (ICB) therapies have changed the paradigm of cancer
therapies. However, anti-tumor response of the ICB is insu�cient for many patients and limited to speci�c
tumor types. Despite many preclinical and clinical studies to understand the mechanism of anti-tumor
e�cacy of ICB, the mechanism is not completely understood. Harnessing preclinical tumor models is one
way to understand the mechanism of treatment response.

Methods: In order to delineate the mechanisms of anti-tumor activity of ICB in preclinical syngeneic tumor
models, we selected two syngeneic murine colorectal cancer models based on in vivo screening for
sensitivity with anti-PD-1 therapy. We performed tumor-immune pro�ling of the two models to identify the
potential mechanism for anti-PD-1 response.

Results: We performed in vivo screening for anti-PD-1 therapy across 23 syngeneic tumor models and
found that CT-26 and Colon 26, which are murine colorectal carcinoma derived from BALB/c mice,
showed different sensitivity to anti-PD-1. CT-26 tumor mice were more sensitive to the anti-PD-1 antibody
than Colon 26, while both models show similarly sensitivity to anti-CTLA4 antibody. Immune-pro�ling and
genomic/transcriptomic analysis showed that CT-26 tumor tissue was in�ltrated with more immune cells
than Colon 26 and that Wnt pathway was highlighted as one of the potential differences between CT-26
and Colon 26 and conferred sensitivity to anti-PD-1 therapy.

Conclusions: CT-26 and Colon 26 syngeneic tumor models showed different sensitivity to anti-PD-1
therapy, although both tumor cells are murine colorectal carcinoma cell lines from BALB/c strain. By
characterizing the mouse cells lines and tumor-immune context in the tumor tissues with comprehensive
analysis approaches, we found that CT-26 showed “hot tumor” pro�le with more in�ltrated immune cells
than Colon 26. Further pathway analyses enable us to propose a hypothesis that Wnt pathway could be
one of the major factors to differentiate CT-26 from Colon 26 model and link to anti-PD-1 response. Our
approach to focus on preclinical tumor models with similar genetic background but different sensitivity to
anti-PD-1 therapy would contribute to illustrating the potential mechanism of anti-PD-1 response and to
generating a novel concept to synergize current anti-PD-1 therapies for cancer patients.

Background
Cancer immunotherapy, with the recent focus on immune checkpoint blockades (ICB), is a revolutionary
approach and has shown great clinical bene�t in multiple tumor types with an intent to “cure.” ICB
therapies, such as anti-cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) and anti-programmed cell
death protein 1 (PD-1) antibodies, have clinical response rates in the range 10–35% as single agents [1],
and the anti-tumor response is not su�cient and limited to speci�c tumor types. Moreover, mechanisms
of anti-tumor e�cacy of the ICB in the responders are not completely understood. Understanding how
anti-CTLA-4 and anti-PD-1 checkpoint blockade therapies work will be critical for effectively combining
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them with other anti-cancer therapeutic approaches such as immune-, radio-, chemo- and targeted
therapy to improve overall response rate [2].

For clarifying how ICB work and induce anti-tumor effect in the cancer patients, it is critical to understand
contributions of both host immune cells and cancer cells, which are key components of the tumor-micro-
environment (TME) and are potential target cells to ICB responsiveness. Based on tumor-type, density and
location of immune cells within the tumor site, there are four proposed types of tumors: hot, excluded,
immunosuppressed and cold tumors [1]. While hot/in�amed tumors have the greatest potential to
respond to ICB, those lacking tumor in�ltrated T cells are often resistant to ICB [1]. Multiple studies have
found a positive correlation between tumoral PD-L1 expression and anti-PD-1 response or overall survival
in some tumor types [3]. These evidence suggest that presence of target cells and expression of target
molecules of ICB in tumors are the key factors to determine treatment response.

Genomic/transcriptomic analyses of tumor tissues between ICB responder and non-responders reveal
that there are differences of genomic and transcriptional pro�le in the tumor [1, 4]. The number of non-
synonymous single nucleotide variants (nsSNVs) in a tumor, referred as the tumor mutation burden
(TMB), is thought to increase the generation of immunogenic peptides and hence in�uence ICB response
in patients [3]. Indeed, signi�cant association between high TMB and ICB response have been reported in
a variety of tumor types [5] including urothelial carcinoma [6], small cell lung cancer [7], independent
cohort of non-small cell lung cancer (NSCLC) [8–10], and melanoma [11–13]. Genetic alteration of the
tumors contributed to immunosuppressive mechanisms occurred in the TME, which hindered not only the
natural hot immune responses but also the e�cacy of cancer immunotherapies [1]. The tumor-intrinsic
immunosuppression usually involves the activation of various oncogenic pathways, including Wnt–β-
catenin [14, 15], mitogen-activated protein kinase (MAPK) [16, 17], Janus kinase (JAK)–signal transducer
and activator of transcription 3 (STAT3) [18] and nuclear factor-κB (NF-κB) signaling pathways [19]. The
engagement of these pathways results in the expression of cytokines and chemokines that mediate the
exclusion of T cells from the TME, or, alternatively, the repression of factors that facilitate T cell
recruitment and therefore affecting response to ICB. More work is needed to delineate the
response/resistance mechanism to current ICB therapy [20]. Host-derived immune cells and tumor cells
are known to interact with each other and have signi�cantly impact on anti-tumor e�cacy of ICB
treatment. The use of preclinical immunocompetent tumor models, where immune system is working
properly, is one way to understand the mechanism of ICB response that allows to analyze both tumor
cells and host immune cells in parallel.

In this paper, we �rst screened 23 different syngeneic tumor models treated with anti-PD-1 and found that
two colorectal carcinoma CT-26 and Colon 26 tumor models shared similar genetic background but
exhibited different sensitivity to anti-PD-1 therapies. Next, we characterized both models in-depth by
immune-pro�ling and genomic/transcriptomic analysis. Our data and analyses proposed a hypothesis
that Wnt pathway is potentially one of the major components contributing to the different sensitivity to
anti-PD1 therapy in CT-26 and Colon 26 models.
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Methods

Animals
BALB/c, C57BL/6 and DBA/2 mice were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China) and from Shanghai Lingchang Laboratory Animal Co. All animal
studies were performed under Takeda and WuXi’s IACUC policies, and AAALAC’s ethical approval and
regulations.

Mouse cell lines
4T1, A20, B16F10, C1498, CT-26, E.G7-OVA, EL4, EMT-6, J558, JC, KLN205, L1210, L5178-R, LLC1,
P388D1, RENCA and WEHI-3 were purchased from ATCC (Manassas, VA, USA). Colon 26 was purchased
from RIKEN BioResource Research Center (Tsukuba, Ibaraki, Japan) and Nanjing CoBioer Biotechnology
Co., Ltd. (Nanjing, China). H22 was purchased from China Center for Type Culture Collection (Beijing,
China). LLC1-Luc was purchased from PerkinElmer (Waltham, MA, USA). MC38 and Panc02 were
purchased from Obio Technology (Shanghai) Corp., Ltd. (Shanghai, China). RM-1 was purchased from
Cell Bank of Shanghai Institutes for Biological Sciences of the Chinese Academy of Sciences (Shanghai,
China). All cells were culture by following instructions of the providers.

Antibodies
Anti-mouse CTLA-4 (CD152) mAb 9D9 and anti-mouse PD-1 (CD279) mAb RMP1-14 were purchased
from Bio-X Cell Inc. (West Lebanon, NH, USA)

Murine tumor models
To establish murine breast cancer model 4T1, 4 x 105 cells were implanted into the right �ank of female
BALB/c mice. To establish murine breast cancer model EMT6 and JC, 2 x 105 cells were implanted into
the right �ank of female BALB/c mice. To establish murine colon adenocarcinoma cancer model Colon26
and CT-26, 3 x 105 cells were implanted into the right �ank of female BALB/c mice. To establish murine
hepatoma cancer model H22, 4 x 105 cells were implanted into the right �ank of female BALB/c mice. To
establish murine kidney carcinoma cancer model RENCA, 2 x 105 cells were implanted into the right �ank
of female BALB/c mice. To establish murine leukemia cancer model WEHI-3, 1 x 105 cells were implanted
into the right �ank of female BALB/c mice. To establish murine diffuse large B cell lymphoma cancer
model A20, 4 x 105 cells were implanted into the right �ank of female BALB/c mice. To establish murine
plasmacytoma cancer model J558, 1 x 105 cells were implanted into the right �ank of female BALB/c
mice. To establish murine leukemia cancer model C1498, 4 x 105 cells were implanted into the right �ank
of female C57BL/6 mice. To establish murine colon adenocarcinoma cancer model MC38, 1 x 106 cells
were implanted into the right �ank of female C57BL/6 mice. To establish murine Lewis lung carcinoma
cancer model LLC1 and LLC1-Luc, 1 x 105 cells were implanted into the right �ank of female C57BL/6
mice. To establish murine lymphoma cancer model E.G7-OVA, 1 x 105 cells were implanted into the right
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�ank of female C57BL/6 mice. To establish murine lymphoma cancer model EL4, 0.8 x 105 cells were
implanted into the right �ank of female C57BL/6 mice. To establish murine melanoma cancer model
B16F10, 0.8 x 105 cells were implanted into the right �ank of female C57BL/6 mice. To establish murine
pancreatic ductal adenocarcinoma model Panc02, 1 x 106 cells were implanted into the right �ank of
female C57BL/6 mice. To establish murine prostate carcinoma model RM-1, 8 x 105 cells were implanted
into the right �ank of female C57BL/6 mice. To establish murine leukemia model L1210, 0.2 x 105 cells
were implanted into the right �ank of female DBA/2 mice. To establish murine lung carcinoma model
KLN205, 4 x 105 cells were implanted into the right �ank of female DBA/2 mice. To establish murine
lymphoma model L5178-R and P388D1, 2 x 105 cells were implanted into the right �ank of female DBA/2
mice. Tumor growth was monitored with vernier calipers, and the mean tumor volume was calculated
using the formula (0.5 ´ [length ´ width2]). When the mean tumor volume reached approximately 60 mm3,
animals were randomized into treatment groups (n = 10/group) and dosing was initiated on Day 0 of the
study. Tumor size and body weight were measured three times weekly. During the observation period,
animals bearing oversized tumor exceeding 2,000 mm3 were sacri�ced. Anti-mouse CTLA-4 (10 mg/kg),
anti-mouse PD-1 (10 mg/kg) and anti-mouse PD-L1 mAbs (10 mg/kg) were administered intraperitoneally
on day 0, 3, 7, 10, 14 and 17.

Flow Cytometry
To prepare tissues for �ow cytometry, tumor samples were digested by using a tumor dissociation kit
(MACS). Spleens and draining lymph nodes were mechanically disrupted into single-cell suspensions
through a 70 µm cell strainer. Red blood cells were lysed in Red Blood Cell Lysis Solution (BD Bioscience).
Cells were washed, pelleted and re-suspended in D-PBS solution (Corning). For each sample, 1 x 106 cells
were treated with anti-mouse CD16/CD32 (BD Pharmingen) and then stained with a de�ned panel
containing live/dead stain and with various labeling antibodies. All antibodies were purchased from BD
Pharmingen, BioLegend, or eBioscience as indicated. Live/Dead cell stain kit was purchased from
Invitrogen. Data were measured on BD LSR Fortessa and analyzed by using FlowJo software. Flow
cytometry antibodies used in this study were purchased from BD Pharmingen (anti-CD8 [53 − 6.7], anti-
CD4 [GK1.5], anti-CD19 [1D3], anti-CD25 [PC61], anti-CD335 [29A1.4], anti-CD45 [30-F11], anti-CD3 [17A2],
anti-Ly6G [1A8], anti-MHCII [M5/114.15.2], anti-CD11c [HL3], anti-Ly6C [AL-21], anti-CD206 [MR5D3]),
BioLegend (anti-PD-1 [29F.1A12], anti-CD11b [M1/70], anti-CTLA-4 [UC10-4B9], anti-CD44 [IM7], anti-
CD62L [MEL-14], anti-F4/80 [BM8]) or eBioscience (anti-FoxP3 [FJK-16s]).

Data Analysis
Flow cytometry data were analyzed with FlowJo. Statistical analyses were done with Prism 8 (GraphPad
Software). Kaplan-Meier curves were analyzed with the long-rank test. Student’s t test was used for
comparison of immune cells between CT-26 and Colon 26 tumor models.

RNA-seq
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Cell line and tumor tissue RNA was puri�ed using RNeasy MinElute Cleanup Kit. RNA quality was
assessed using RNA 6000 Nano Reagents. cDNA RNA library was constructed using TruSeq mRNA
Sample Preparation Kit (illumina). The �rst step in the work�ow involved purifying the poly-A containing
mRNA molecules using oligo-dT attached magnetic beads. Following puri�cation, the mRNA was
fragmented into small pieces using divalent cations under elevated temperature. The cleaved RNA
fragments were copied into �rst strand cDNA using reverse transcriptase and random primers. Second
strand cDNA synthesis followed, using DNA PolymeraseI and RNase H. The cDNA fragments then went
through an end repair process, the addition of a single ‘A’ base, and then ligation of the adapters. The
products were then puri�ed and enriched with PCR to create the �nal cDNA library. The clusters of the
cDNA library were generated on Illumina cBOT cluster generation system with HiSeq X HD PE Cluster Kits
(illumina). Paired-end sequencing was performed using an Illumina HiSeq X following Illumina-provided
protocols for 2x150 paired-end sequencing.

Whole exome sequencing
Cell line and tissue DNA was puri�ed using QIAamp DNA Mini Kit. DNA quality was assessed using Qubit
dsDNA HD Assay Kit. DNA library was constructed using SureSelect XT library prep kit (Agilent). The �rst
step in the work�ow involved DNA fragment, constructing libraries and amplifying the libraries. After that,
the library was hybridized using SureSelect XT reagent and protocol and the captured libraries were
obtained. The products were then puri�ed and enriched with PCR to create SureSelect-enriched indexed
NGS samples. The clusters of the captured library were generated on Illumina cBOT cluster generation
system with HiSeq X HD PE Cluster Kits (illumina). Paired-end sequencing was performed using an
Illumina HiSeq X following Illumina-provided protocols for 2x150 paired-end sequencing.

Bioinformatics
To quantify transcript abundance, we calculated the raw count for each gene from RNA-seq data using
“Report gene/transcript counts” in Array Studio (version 10.0.1.118) and Ensembl.R78 annotation. Then
DESeq2 (version 1.24.0) with default parameters was used to determine differentially expressed genes,
requiring adjusted p-value ≤ 0.1 and the absolute log2 fold change ≥ 1. Ingenuity Pathway Analysis was
used to determine the signi�cantly enriched pathways.

Tumor mutational burden was calculated by dividing the number of non-synonymous mutations called
using exome sequencing data by the length of mouse CDS regions. SNPs were called and annotated
using “summarize variant data” and “annotate variant table report,” respectively. We compared CT-26 and
Colon 26 tumors at each size (100, 400 and 800 mm3) separately to obtain 3 sets of differentially
expressed genes, and then merged these gene sets to obtain the differentially expressed genes between
CT-26 and Colon 26 tumors.

Results
CT-26 tumor-bearing mice are more sensitive to anti-PD-1 checkpoint blockade than Colon 26 tumor-
bearing mice, while both tumor models are sensitive to anti-CTLA-4 blockade
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To investigate the sensitivity of various preclinical tumor models to immune checkpoint inhibitors, anti-
PD-1 monoclonal antibody (mAb) was tested across 23 different syngeneic tumor mouse models on
C57BL/6, BALB/c and DBA/2 genetic background mice. We found that anti-PD-1 treatment induced
higher growth rate inhibition (GRI) in CT-26 tumor bearing mice than Colon 26, although both tumors are
murine colorectal carcinoma derived from BALB/c mice (Fig. 1A). Next, to investigate whether the
different response between CT-26 and Colon 26 was speci�c for anti-PD-1 or common for ICB, we tested
anti-PD-1 and anti-CTLA-4 mAb in both CT-26 and Colon 26 tumor-bearing mice. Consistent with the
previous anti-PD-1 screening, anti-PD-1 treatment induced signi�cant tumor growth inhibition and
signi�cantly promoted survival in CT-26 tumor-bearing mice, but not in Colon 26 tumor-bearing animals
(Fig. 1B and 1C, Additional �le: Figure S1). On the other hand, anti-CTLA-4 treatment induced signi�cant
tumor growth inhibition and signi�cantly promoted survival in both models (Fig. 1B and 1C, Additional
�le: Figure S1).

CT-26 tumors are in�ltrated with more anti-tumor immune
cells than Colon 26 tumors
The presence of pre-existing lymphocytes and myeloid cells within the tumor is known to in�uence
response to immune checkpoint inhibitors [3]. To evaluate the composition of tumor-in�ltrating
leukocytes in CT-26 and Colon 26 tumor tissues, baseline tumor tissues from tumor-bearing mice were
harvested, dissociated into single cell suspension and immune-pro�ling evaluated by �ow cytometry.
Immune in�ltrates detected with the pan-leukocyte marker CD45 were present in both CT-26 and Colon 26
tumor tissues, but the frequency of CD45 + cells within live cells are higher in CT-26 than in Colon 26
tumor tissues (Fig. 2A). Leucocyte subsets were evaluated by using a combination of lineage markers to
identify speci�c immune subsets. CT-26 tumor tissues contained more in�ltrates of T cells (CD3+;
Fig. 2B), dendritic cells (CD11b + CD11c + MHCII+; Fig. 2C) and NK cells (CD3- NKp46+; Fig. 2D) than
Colon 26 tumor tissues. There was no signi�cant difference of frequencies of tumor-B cells (CD3-
CD19+), Myeloid cells (CD3- CD1b+) and Macrophages (Ly6C-F4/80+) between CT-26 and Colon 26
tumor tissues (Additional �le: Figure S2). Next, to reveal tumor in�ltrating T cell subsets, we examined
surface markers of T cell subsets. The frequencies of CD8 + T cells and Foxp3-CD4 + T cells in CT-26
tumor tissues were signi�cantly higher than those in Colon 26 tumor tissues (Fig. 2E and 2F). Though the
frequency of Tregs was also higher in CT-26 tumor tissues, (Fig. 2G), the ratio of CD8 to Treg in CT-26
tumor tissues was signi�cantly higher than that in Colon 26 tumor tissues (Fig. 2H). Our data showed
that CT-26 tumor tissues exhibited immune-in�amed phenotype characterized by more in�ltration with
anti-tumor immune cells at baseline than Colon 26. In contrast to tumor tissues, there were no signi�cant
differences of frequencies of T cells, NK cells and dendritic cells and CD8 to Treg ratio in the peripheral
blood between CT-26 and Colon 26 tumor bearing mice (Additional �le: Figure S3).

Anti-PD-1 therapeutic responses were reported to be associated with the presence of PD-1 expressing
CD8 + T cells at the tumor margin, co-localized with PD-L1 expressing tumor cells before therapy [21], and
therefore PD-1 + CD8 + T cells can be one of the targeted cells by anti-PD-1 mAb. We hypothesized that
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anti-PD-1 mediated tumor growth inhibition in CT-26 model was due to enhanced frequency of PD-1-
expresing CD8 T cells within the tumor. As shown in Fig. 2I, CT-26 tumors at baseline have higher
frequency of PD-1 + CD8 + T cells as compared to Colon 26 baseline tumors. Correlating with the
sensitivity of both models to anti-CTLA-4 treatment, no notable differences were observed in the
frequencies of CTLA-4 expressing Tregs between two tumor types (Fig. 2J). Taken together, these data
suggest that the tumor plays an important role in shaping the immune contexture of the TME which may
contribute to the sensitivity to ICB therapies.

Neither TMB nor the number of indels predicts the anti-PD-1
antibody response
One of the tumor intrinsic factors that is positively correlated with ICB response is the TMB in multiple
cancer types [5], such as melanoma [22, 23], non-small-cell lung carcinoma [24], urothelial carcinoma [6].
To test if TMB can explain the different anti-PD-1 sensitivity of CT-26 and Colon 26, we sequenced their
exomes and compared TMB across tumors and cell lines (Fig. 3A), which revealed that Colon 26, rather
CT-26, has higher TMB. Thus, for these two tumor models, it is unlikely that TMB is the critical factor in
the observed differential anti-PD-1 sensitivity. Another potential predictive tumor biomarker for ICB
response is the number of indels [3], since indels are more likely to produce neoantigens that can be
readily detected by the immune system [25]. We further examined the number of indels in these samples
and found no signi�cant difference between CT-26 and Colon 26 (Fig. 3B). In summary, in the context of
CT-26 and Colon 26, neither TMB nor the number of indels predicts the anti-PD-1 antibody response.

Wnt pathway is highlighted as one of the most distinct features between CT-26 and Colon 26

To determine the transcriptomic differences between CT-26 and Colon 26, we sequenced RNA from these
cell lines as well as tumors isolated ex vivo from tumor bearing animals at sizes 100, 400 and 800 mm3.
There was great difference of transcriptome pro�le between cell-culture and tumor tissue, independent of
tumor type, likely because tumor tissue is composed by not only tumor cells but also immune cells and
stromal cells. (Additional �le: Figure S4). Thus we focus on cell line-cell line and tumor-tumor
comparisons.

Next, we sought to determine which differentially expressed (DE) genes stem from cell lines and which DE
genes appear after tumor inoculation (Fig. 4). Comparing CT-26 and Colon 26 at 3 different sizes revealed
4,701 DE genes, whereas CT-26 and Colon 26 cell line comparison revealed 4,183 DE genes. While 2,141
or 2,659 DE genes are observed as cell-line speci�c or tumor tissue speci�c DE genes respectively, a
signi�cant number of DE genes (2,042) are shared between the tumor-tumor and cell line-cell line analysis
(Fig. 4), suggesting DE genes observed in tumors are originally from cell lines,

To understand biological meaning of the DE genes, we performed pathway enrichment analysis of cell
line and tumor tissues DE genes. We found that some pathways—such as axonal guidance signaling and
hepatic �brosis—are enriched, regardless of the tumor size (Additional �le: Figure S5). Such pathways are
also often enriched in the CT-26-Colon 26 cell line comparison, indicating that tumors recapitulate some
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biological themes from the cell line. We also performed the pathway analysis of the shared DE genes
(2,042) and cell-line speci�c (2,141) or tumor tissue speci�c DE genes (2,659) (Fig. 4). Consistent with
above pathway analysis result, axon guidance signaling is the most signi�cant pathway in the shared DE
genes. Wnts are conserved guidance molecules for a large numbers of central nervous system axons and
Wnt signaling plays an important role in axon guidance [26–28]. Almost all colorectal cancers
demonstrate hyperactivation of the Wnt pathway, which in many cases is believed to be the initiating and
driving event (29). We found that this pathway contains major Wnt ligands (Wnt5a, Wnt5b, Wnt6, Wnt10a,
and Wnt10b) and the Wnt-upregulated genes (Adamts5, Bmp2, Bmp4, Itga3, Nfatc4, Ngf, Prkd3, and
Sema3f) or downregulated genes (Mmp13, Pappa2, Prkd1, and Sema3e) (Fig. 5) (30–33). Almost all of
these Wnt ligands and Wnt-upregulated genes were upregulated in Colon 26 and all downregulated genes
were downregulated in Colon 26 (Fig. 5), suggesting that different Wnt pathway activities play a key role
in delineating the two cell lines. In addition, Wnt/β-catenin signaling was statistically signi�cantly
enriched in the shared DE genes (p = 0.026). Previously, the Wnt pathway has been reported to play a role
in responses to checkpoint blockades [34]. With these observations from the comparison of CT-26 and
Colon 26, we hypothesize that Wnt pathway signaling may explain the differential anti-PD-1 antibody
response in CT-26 and Colon 26.

Discussion
In this study, we identi�ed CT-26 and Colon 26 as different sensitive tumor models to anti-PD-1 therapy by
in vivo screening and performed deep tumor-immune characterizations of the two syngeneic models to
understand determinants driving anti-tumor activities of ICB. CT-26 is a murine colorectal carcinoma
derived from BALB/c mice, and the syngeneic tumor model is one of the most commonly used murine
solid tumor models and is categorized as a highly immunogenic tumor model [35]. Colon 26 is also a
murine colorectal carcinoma derived from BALB/c mice, but the syngeneic tumor model has not been
reported as frequently as CT-26 model. For Colon 26 tumor model, its sensitivity to immunotherapies,
immune contexture of the TME and the differences from other commonly used murine tumor models has
not been fully documented. We evaluated anti-tumor e�cacies of anti-mPD-1 and anti-mCTLA-4 mAbs in
the CT-26 and Colon 26 tumor bearing mice. Although the same cohort BALB/c mice were used for the
e�cacy study, sensitivities to anti-PD-1 were different between the models, suggesting that host genetics
and microbiota before tumor inoculation do not affect the sensitivities. Multiple studies in a variety of
tumor types have found a positive correlation between tumoral PD-L1 expression and ICB response or
overall survival, while others have detected no association [3]. PD-1 blockade with pembrolizumab is
approved by FDA for non-small-cell lung carcinoma patients whose tumors are positive for PD-L1
expression [36]. However, it’s an imperfect biomarker since in some tumors, such as renal cell carcinoma
and �rst-line bladder cancer [37], there appears to be no correlation between PD-L1 expression and the
likelihood of clinical response. In this study, we also performed immunohistochemistry analysis to
determine PD-L1 expression level in the tumor (data not shown), and there was no statistically difference
of the expression between CT-26 and Colon 26 tumor tissues. This suggested that tumoral PD-L1
expression may not explain the different sensitivity to anti-mPD-1 mAbs.
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In contrast to anti-mPD-1, sensitivities to anti-mCTLA-4 were similar between the models. CTLA-4-
blocking antibodies augment the binding of CD80/86 to CD28 rather than to CTLA-4 which triggers T-cell
survival and expansion [38]. It also selectively depletes intra-tumoral CTLA-4 expressing Tregs via FcγR
dependent mechanisms [39, 40]. At baseline, there was no notable difference of CTLA-4 expressing Tregs
in the tumor-bearing mice between the two models. There was also similar expression of Cd80, Cd86,
Fcgr1, Fcgr3 and Fcgr4 in the tumor tissues (data not shown). These data may re�ect similar sensitivities
to anti-mCTLA-4 mAbs between CT-26 and Colon 26 models.

We found that baseline immune population in the tumor was different between CT-26 and Colon 26.
Compared to Colon 26 tumors, CT-26 tumors were more in�ltrated by not only CD45 + immune cells but
also anti-tumor immune cells including CD8 + T cells, NK cells and DCs. Chemokines can determine the
distribution of immune cells in the tumor. CXC-chemokine receptor 3 (CXCR3) and its ligands CXC-
chemokine ligand 10 (CXCL10) and CXCL11 have a key role in driving the tra�cking of Th1 cells, CD8 + T
cells and NK cells into the TME [41]. Our data showed that gene expression levels of Cxcl10 and Cxcl11 in
the 100 mm3 CT-26 tumors are higher than Colon 26 (data not shown). This may re�ect more CD8 + T
cells and NK cells in�ltration to the CT-26 tumor than Colon 26.

Despite growing literature reports supporting the association between mutational burden and immune
checkpoint therapy response, tumor mutational burden had poor predictive power to differentiate
complete or partial response from progressive disease as a single variable (42). In this study, Colon 26
has higher TMB than CT-26. Thus, TMB cannot explain the differential anti-mPD-1 sensitivity for our two
tumor models. Nevertheless, we cannot ruled out other genetic features beyond mutational burden—such
as genetic driver events, intra-tumoral heterogeneity, and mutational signatures—may affect response to
immune checkpoint blockade [42].

Colorectal cancer (CRC) is the third most predominant cancer throughout the world [43]. Sonic Hedgehog,
Wnt/ß-catenin, TGF-ß/SMAD, EGFR and Notch pathways are the major pathways that could be targeted
for CRC therapy [43]. MSI-positive CRC patients have demonstrated positive response with ICB therapy [1].
We examined a few MMR related genes expression and found that MLH1 and MSH6 gene expression
were higher in Colon 26 cell and tissue than CT-26, suggesting MMR difference might not explain
differential anti-PD1 response. However, further investigation will be needed to clarify the difference of
MMR gene expression leads to functional effects on MMR.

Interestingly, our transcriptome analysis highlighted Wnt pathway as one of the most distinct features
between CT-26 and Colon 26. Wnt signaling has been shown to play a major role in regulating the
immune tolerance against tumors [34]. Excluding immune cell (mainly CTL) in�ltration into the TME
constitutes a prominent mechanism of Wnt-mediated immuno-evasion in different types of cancer,
mainly melanomas [14]. Activation of Wnt/β-catenin pathway in cancer cells inhibits secretion of CCL4
that is required for the recruitment of BATF-3 dependent dendritic cells to the tumor micro-environment,
resulting in reduced levels of DC-derived CXCL10 and limited CD8 + CTL in�ltration and cross-priming
[14]. In consistent with this mechanism, we also observed less in�ltration of dendritic cells and CD8 + T
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cells, as well as low expression of Cxcl10 and Xcr1 (a marker for cross-presenting CD8α + DCs) in Colon
26 tumor tissues (100 mm3) than CT-26.It’s been reported that the lack of effector cells into the TME, as
typically observed in tumor with active canonical Wnt signaling, is possibly a main cause of primary
resistance to cancer immunotherapies with ICB [34]. In mouse melanoma models, tumor-intrinsic active β-
catenin signaling results in T-cell exclusion and resistance to combination of anti-PD-L1 and anti-CTLA-4
mAbs [14]. Conversely, RNAi mediated β-catenin inhibition increased T cell in�ltration in ICB-refractory
syngeneic mouse melanoma tumors [44]. Our study provides additional evidence and supports the
potential resistance mechanism in mouse colon models.

With these observation from the comparison of CT-26 and Colon 26, we hypothesize that Wnt pathway
signaling may explain the differential anti-PD-1 antibody response in CT-26 and Colon 26. In our study, we
did not test the impact of Wnt signal inhibition on sensitivity to anti-PD-1 in Colon 26. In order to validate
our Wnt hypothesis, we will need to generate β-catenin knock-out Colon 26 and compare sensitivity to
anti-PD-1 treatment in the knock-out and the parental Colon 26 tumor bearing mice or test inhibitors of
Wnt ligand secretion, such as LGK-974 [44], by combining with anti-PD-1 treatment in Colon 26 tumor
models. Unlike anti-PD-1, there was no notable different sensitivity to anti-CTLA-4. We also need further
investigation on whether Wnt pathway in the tumor will speci�cally affect sensitivity to anti-PD-1 therapy
or not.

Conclusions
We evaluated anti-tumor effect of ICB in CT-26 and Colon 26 tumor bearing mice and found that CT-26
tumor bearing mice were more sensitive to anti-PD1 therapy than Colon 26. We pro�led the genomic and
genetic expression and cellular phenotype in both syngeneic models and found that CT-26 was a “hot”
tumor type with more tumor-in�ltrating immune cells than Colon 26 and that axon guidance signaling
with Wnt molecules were highlighted in Colon 26 more than CT-26. Based on these observation and
previous reports, Wnt pathway may explain different anti-tumor activity between CT-26 and Colon 26
syngeneic tumor models. Our approach to focus on preclinical tumor models with similar genetic
background but different sensitivity to anti-PD-1 therapy would contribute to understanding mechanism
of anti-PD-1 response more clearly and to generating a novel concept to synergize anti-tumor activity of
anti-PD-1and to target anti-PD-1 non-responder patients.

Abbreviations
BATF-3
basic leucine zipper transcription factor ATF-like 3
CCL
C-C-ligand
cDNA
complementary deoxyribonucleic acid
CDS



Page 12/22

coding sequence
CRC
colorectal cancer
CTL
cytotoxic T lymphocytes
CTLA-4
cytotoxic T lymphocyte-associated antigen 4
CXCL
CXC-chemokine ligand
CXCR
CXC-chemokine receptor
DCs
dendritic cells
DE
differentially expressed
dsDNA
double stranded deoxyribonucleic acid
EGFR
epidermal growth factor receptor
FBS
fatal bovine serum
FcγR
Fcγ receptor
FDA
food and drug administration
IACUC
Institutional Animal Care and Use Committees
ICB
immune checkpoint blockade
JAK
Janus kinase
mAb
monoclonal antibody
MAPK
mitogen-activated protein kinase
MHC
major histocompatibility complex
MMR
mismatch repair
MSI



Page 13/22

microsatellite instability
NF-κB
nuclear factor-κB
NK cells
natural killer cells
NSCLC
non-small cell lung cancer
nsSNVs
non-synonymous single nucleotide variants
PBS
phosphate-buffered saline
PCR
polymerase chain reaction
PD-1
programmed cell death protein 1
PD-L1
programmed death-ligand 1
RNA
ribonucleic acid
SEM
standard error of the mean
SNPs
Single nucleotide polymorphisms
STAT3
signal transducer and activator of transcription 3
Th1
T helper 1
TME
tumor-micro-environment
TMB
tumor mutation burden
Tregs
regulatory T cells

Declarations
Ethics approval and consent to participate

All animal experiments were approved by Takeda and WuXi’s Institutional Animal Care & Use Committee
(IACUC) policies and were conducted in accordance with The Association for Assessment and



Page 14/22

Accreditation of Laboratory Animal Care (AAALAC)’s ethical approval and regulations and ARRIVE
guidelines.

Consent for publication

Not applicable

Availability of data and materials

The datasets used and/or analysed during the current study available from the corresponding author on
reasonable request.

Competing interests

YS, MYL and MS are all employees of Millennium Pharmaceuticals, Inc. a wholly owned subsidiary of
Takeda Pharmaceutical Company Limited, Cambridge, MA, USA. YF and HL were employees of Takeda
when the work was being conducted.

Funding

This work was sponsored by Millennium Pharmaceuticals, Inc.

Authors' contributions

YS, HL, MS conceptualized and initialized the study. YS, TF, HL, MS were responsible for designing the
experiments. YS, YF, MYL performed data analysis and interpreted the results. YS, YF, HL, MS were
responsible for writing, reviewing and editing of the manuscripts. All authors read and approved the �nal
manuscript.

Acknowledgements

We gratefully acknowledge performing in vivo studies by our collaborators (Wuxi and Medicilon) who
performed the in vivo experiments.

Authors' information (optional)

Not applicable.

References
1. Galon J, Bruni D. Approaches to treat immune hot, altered and cold tumours with combination

immunotherapies. Nat Rev Drug Discov. 2019;18:197-218.

2. Wei SC, Duffy CR, Allison JP. Fundamental Mechanisms of Immune Checkpoint Blockade Therapy.
Cancer Discov. 2018;8:1069-1086.



Page 15/22

3. Havel JJ, Chowell D, Chan TA. The evolving landscape of biomarkers for checkpoint inhibitor
immunotherapy. Nat Rev Cancer. 2019;19:133-150.

4. Park YJ, Kuen DS, Chung Y. Future prospects of immune checkpoint blockade in cancer: from
response prediction to overcoming resistance. Exp Mol Med. 2018;50:1-13.

5. Yarchoan M, Hopkins A, Jaffee EM. Tumor Mutational Burden and Response Rate to PD-1 Inhibition.
N Engl J Med. 2017;377:2500-2501.

�. Rosenberg JE, Censits JH, Powles T, Heijden MS, Balar AV, Necchi A, Dawson N, O'Donnell PH,
Balmanoukian A, Loriot Y, Srinivas S, et al. Atezolizumab in patients with locally advanced and
metastatic urothelial carcinoma who have progressed following treatment with platinum-based
chemotherapy: a single-arm, multicentre, phase 2 trial. Lancet. 2016;387:1909-20.

7. Hellmann MD, Callahan MK, Awad MM, Calvo E, Ascierto PA, Atmaca A, Rizvi NA, Hirsch FR, Selvaggi
G, Szustakowski JD, et al. Tumor Mutational Burden and E�cacy of Nivolumab Monotherapy and in
Combination with Ipilimumab in Small-Cell Lung Cancer. Cancer Cell. 2018;33:853-861.

�. Hellmann MD, Nathanson T, Rizvi H, Creelan BC, Sanchez-Vega F, Ahuja A, Ni A, Novik JB, Mangarin
LMB, Abu-Akeelet M, et al. Genomic Features of Response to Combination Immunotherapy in
Patients with Advanced Non-Small-Cell Lung Cancer. Cancer Cell. 2018;33:843-852.

9. Forde PM, Chaft JE, Smith KN, Anagnostou V, Cottrell TR, Hellmann MD, Zahurak M, Yang SC, Jones
DR, Broderick S, et al. Neoadjuvant PD-1 Blockade in Resectable Lung Cancer. N Engl J Med.
2018;378:1976-1986.

10. Hellmann MD, Ciuleanu TE, Pluzanski A, Lee JS, Otterson GA, Audigier-Valette C, Minenza E, Linardou
H, Burgers S, Salman P, et al. Nivolumab plus Ipilimumab in Lung Cancer with a High Tumor
Mutational Burden. N Engl J Med. 2018;378:2093-2104.

11. Goodman AM, Kato S, Bazhenova L, Patel SP, Frampton GM, Miller V, Stephens PJ, Daniels GA,
Kurzrock R. Tumor Mutational Burden as an Independent Predictor of Response to Immunotherapy in
Diverse Cancers. Mol Cancer Ther. 2017;16:2598-2608.

12. Riaz N, Havel JJ, Makarov V, Desrichard A, Urba WJ, Sims JS, Hodi FS, Martín-Algarra S, Mandal R,
Sharfman WH, et al. Tumor and Microenvironment Evolution during Immunotherapy with Nivolumab.
Cell. 2017;17:934-949.

13. Hugo W, Zaretsky JM, Sun L, Song C, Moreno BH, Hu-Lieskovan S, Berent-Maoz B, Pang J,
Chmielowski B, Cherry G, et al. Genomic and Transcriptomic Features of Response to Anti-PD-1
Therapy in Metastatic Melanoma. Cell. 2016;165:35-44.

14. Spranger S, Bao R, Gajewski TF. Melanoma-intrinsic β-catenin signalling prevents anti-tumour
immunity. Nature. 2015;523:231-5.

15. Yaguchi T, Goto Y, Kido K, Mochimaru H, Sakurai T, Tsukamoto N, Kudo-Saito C, Fujita T, Sumimoto H,
Kawakami Y. Immune suppression and resistance mediated by constitutive activation of Wnt/β-
catenin signaling in human melanoma cells. J Immunol. 2012;189:2110-7.

1�. Sumimoto H, Imabayashi F, Iwata T, Kawakami Y. The BRAF-MAPK signaling pathway is essential for
cancer-immune evasion in human melanoma cells. J Exp Med. 2006;203:1651-6.



Page 16/22

17. Sumimoto H, Miyagishi M, Miyoshi H, Yamagata S, Shimizu A, Taira K, Kawakami Y. Inhibition of
growth and invasive ability of melanoma by inactivation of mutated BRAF with lentivirus-mediated
RNA interference. Oncogene. 2004;23:6031-9.

1�. Iwata-Kajihara T, Sumimoto H, Kawamura N, Ueda R, Takahashi T, Mizuguchi H, Miyagishi M, Takeda
K, Kawakami Y. Enhanced cancer immunotherapy using STAT3-depleted dendritic cells with high
Th1-inducing ability and resistance to cancer cell-derived inhibitory factors. J Immunol. 2011 Jul
1;187(1):27-36.

19. Nishio H, Yaguchi T, Sugiyama J, Sumimoto H, Umezawa K, Iwata T, Susumu N, Fujii T, Kawamura N,
Kobayashi A, et al. Immunosuppression through constitutively activated NF-κB signalling in human
ovarian cancer and its reversal by an NF-κB inhibitor. Br J Cancer . 2014;110:2965-74.

20. LaFleur MW, Muroyama Y, Drake CG, Sharpe AH. Inhibitors of the PD-1 Pathway in Tumor Therapy. J
Immunol. 2018;200:375-383.

21. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJM, Robert L, Chmielowski B, Spasic M,
Henry G, Ciobanu V, et al. PD-1 blockade induces responses by inhibiting adaptive immune
resistance. Nature. 2014;515:568-71.

22. Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A, Walsh LA, Postow MA, Wong P,
Ho TS, et al. Genetic basis for clinical response to CTLA-4 blockade in melanoma. N Engl J Med.
2014;371:2189-2199. 

23. Van Allen EM, Miao D, Schilling B, Shukla SA, Blank C, Zimmer L, Sucker A, Hillen U, Foppen MHG,
Goldinger SM, et al. Genomic correlates of response to CTLA-4 blockade in metastatic melanoma.
Science. 2015;350:207-211. 

24. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, Lee W, Yuan J, Wong P, Ho TS, et
al. Cancer immunology. Mutational landscape determines sensitivity to PD-1 blockade in non-small
cell lung cancer. Science. 2015;348:124-8.

25. Turajlic S, Litch�eld K, Xu H, Rosenthal R, McGranahan N, Reading JL, Wong YNS, Rowan A, Kanu N,
Bakir MA, et al. Insertion-and-deletion-derived tumour-speci�c neoantigens and the immunogenic
phenotype: a pan-cancer analysis. Lancet Oncol. 2017;18:1009-1021.

2�. Keisuke Onishi, Hollis E, Zou Y. Axon guidance and injury-lessons from Wnts and Wnt signaling. Curr
Opin Neurobiol. 2014;27:232-40.

27. Garcia AL, Udeh A, Kalahasty K, Hackam AS. A growing �eld: The regulation of axonal regeneration
by Wnt signaling. Neural Regen Res. 2018;13:43-52.

2�. Yimin Zou. Wnt signaling in axon guidance. Trends Neurosci . 2004 Sep;27(9):528-32.

29. Schatoff EM, Leach BI, Dow LE. Wnt Signaling and Colorectal Cancer. Curr Colorectal Cancer Rep.
2017;13:101-110.

30. Nie X, Liu H, Liu L, Wang YD, Chen WD. Emerging Roles of Wnt Ligands in Human Colorectal Cancer.
Front Oncol . 2020;10:1341.

31. Thomas RS, Clarke AR, Duance VC, Blain EJ. Effects of Wnt3A and mechanical load on cartilage
chondrocyte homeostasis. Arthritis Res Ther . 2011;13:R203.



Page 17/22

32. Sebastian A, Hum NR, Murugesh DK, Hatsell S, Economides AN, Loots GG. Wnt co-receptors Lrp5 and
Lrp6 differentially mediate Wnt3a signaling in osteoblasts. PLoS One. 2017;12:e0188264.

33. Shah KV, Chien AJ, Yee C, Moon RT. CTLA-4 is a direct target of Wnt/beta-catenin signaling and is
expressed in human melanoma tumors. J Invest Dermatol. 2008;128:2870-9

34. Galluzzi L, Spranger S, Fuchs E, López-Soto A. WNT Signaling in Cancer Immunosurveillance. Trends
Cell Biol. 2019;29:44-65.

35. Lechner MG, Karimi SS, Barry-Holson K, Angell TE, Murphy KA, Church CH, Ohlfest JR, Hu P, Epstein
AL. Immunogenicity of murine solid tumor models as a de�ning feature of in vivo behavior and
response to immunotherapy. J Immunother. 2013;36:477-89. 

3�. Reck M, Rodríguez-Abreu D, Robinson AG, Hui R, Csőszi T, Fülöp A, Gottfried M, Peled N, Tafreshi A,
Cuffe S, et al. Pembrolizumab versus Chemotherapy for PD-L1-Positive Non-Small-Cell Lung Cancer.
N Engl J Med. 2016;375:1823-1833.

37. Motzer RJ, Escudier B, McDermott DF, George S, Hammers HJ, Srinivas S, Tykodi SS, Sosman JA,
Procopio G, Plimack ER, et al. Nivolumab versus Everolimus in Advanced Renal-Cell Carcinoma. N
Engl J Med. 2015;373:1803-13.

3�. Boutros C, Tarhini A, Routier E, Lambotte O, Ladurie FL, Carbonnel F, Izzeddine H, Marabelle A,
Champiat S, Berdelou A, et al. Safety pro�les of anti-CTLA-4 and anti-PD-1 antibodies alone and in
combination. Nat Rev Clin Oncol. 2016;13:473-86. 

39. Simpson TR, Li F, Montalvo-Ortiz W, Sepulveda MA, Bergerhoff K, Arce F, Roddie C, Henry JY, Yagita H,
Wolchok JD, Peggs KS, et al. Fc-dependent depletion of tumor-in�ltrating regulatory T cells co-de�nes
the e�cacy of anti-CTLA-4 therapy against melanoma. J Exp Med. 2013;210:1695-710.

40. Bulliard Y, Jolicoeur R, Windman M, Rue SM, Ettenberg S, Knee DA, Wilson NS, Dranoff G, Brogdon
JL. Activating Fc γ receptors contribute to the antitumor activities of immunoregulatory receptor-
targeting antibodies. J Exp Med. 2013;210:1685-93. 

41. Nagarsheth N, Wicha MS, Zou W. Chemokines in the cancer microenvironment and their relevance in
cancer immunotherapy. Nat Rev Immunol. 2017;17:559-572. 

42. Miao D, Margolis CA, Vokes NI, Liu D, Taylor-Weiner A, Wankowicz SM, Adeegbe D, Keliher D, Schilling
B, Tracy A, et al. Genomic correlates of response to immune checkpoint blockade in microsatellite-
stable solid tumors. Nat Genet. 2018;50:1271-1281. 

43. Tiwari A, Saraf S, Verma A, Panda PK, Jain SK. Novel targeting approaches and signaling pathways
of colorectal cancer: An insight. World J Gastroenterol. 2018;24:4428-4435. 

44. Ganesh S, Shui X, Craig KP, Park J, Wang W, Brown BD, Abrams MT. RNAi-Mediated β-Catenin
Inhibition Promotes T Cell In�ltration and Antitumor Activity in Combination with Immune Checkpoint
Blockade. Mol Ther. 2018 Nov 7;26(11):2567-2579.

Figures



Page 18/22

Figure 1

CT-26 tumor mice are more sensitive to anti-PD-1 checkpoint blockade than Colon 26 tumor mice. (A)
Growth rate inhibition (%) of anti-mouse PD-1 across 23 syngeneic tumor models of different background
mouse strains. (B) Growth and survival of BALB/c mice bearing CT-26 tumors treated with vehicle (PBS),
anti-mouse PD-1 and anti-mouse CTLA-4. When the mean tumor volume reached approximately 60 mm3,
animals were randomized into treatment groups (n = 10/group) and dosing was initiated on Day 0 of the
study. (C) Growth and survival of BALB/c mice bearing Colon 26 tumors treated with vehicle (PBS), anti-
mouse PD-1 and anti-mouse CTLA-4. When the mean tumor volume reached approximately 60 mm3,
animals were randomized into treatment groups (n = 10/group) and dosing was initiated on Day 0 of the
study. (Left) Tumor size as measured by vernier calipers, and the data shown in all panels are the mean (n
= 10/group) ± SEM. (Right) Survival curve comparing treatment groups. Mice were euthanized when
tumors reached 2,000 mm3. n.s., nonsigni�cant
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Figure 2

CT-26 tumors are in�ltrated with more anti-tumor immune cells than Colon 26 tumors. BALB/c mice were
inoculated with 3 x 105 CT-26 or Colon 26 cells. When the tumor volume reached approximately 100
mm3, tumor tissues were harvested, dissociated into single cells and analyzed by �ow cytometry. All data
are represented as percent of total live cells, which include both tumor cells and immune cells.
Quanti�cation of (A) CD45+ cells, (B) T cells, (C) dendritic cells, (D) NK cells, (E) CD8+ T cells, (F) CD4+ T
cells (Non-Tregs), (G) Tregs, (H) ratio of CD8+ T cells to Tregs, (I) PD-1+ CD8+ T cells and (J) CTLA-4+
Tregs. Mean of each immune population are indicated as bars. Statistical signi�cance (t-test) between
groups: * 0.01 < p < 0.05, ** 0.001 < p < 0.01, *** p < 0.001. n.s., nonsigni�cant.
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Figure 3

Exomes and transcriptomes of CT-26 and Colon 26. A. Tumor mutational burden. B. Number of indels
found in tumor and cell line samples. Two sets signi�cantly overlapped (hypergeometric test).



Page 21/22

Figure 4

Canonical pathway analysis of differentially expressed genes between CT-26 vs. Colon 26 from tumor
tissues of different sizes and cell line
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Figure 5

Wnt ligand and Wnt-regulated gene expression. Cell line comparison and comparison of tumors at 100
mm3
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