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4 Summary
• Immune checkpoint inhibitors have differential impacts on tumor growth in the CT26 and MC38 models. The number and degree of 

significant gene expression changes correlate with impact on tumor volume.

• Functional gene enrichment analysis is largely consistent with the expected mode of action for immune checkpoint inhibitors. Including large 
changes in adaptive and innate immune populations and function.

• More granular assessments of immune populations can be determined by gene set analysis. GSEA / GSVA can identify differences in 
specific immune cell populations affected by immune checkpoint inhibition between models and or treatments and provide an orthogonal 
method to complement flow cytometry. In the current study, gene set analysis highlighted the differential changes in CD56dim NK cells and 
eosinophils populations in MC38 and neutrophils in CT26 in response to combined anti-PD-1 and anti-CTLA-4 therapy in addition to the 
expected impacts on CD8 T cells. 

3 Resul ts1 Abstract
Experimental therapies that target the immune system have expanded greatly in recent years due to the success of immune 
checkpoint inhibitory antibodies such as ipilimumab and pembrolizumab. Preclinical development of these novel immune-oncology 
drugs requires the availability of well characterized mouse models to evaluate therapeutic mode of action, efficacy, and safety.
Syngeneic mouse tumor models provide robust systems in which to evaluate novel immune-oncology therapies. Efficacy in these 
models can be measured by tumor volume changes in subcutaneous implants or by impacts on survival for orthotopic implants. 
Mode of action can be assessed by identifying changes in the tumor microenvironment following dosing. Multiple analytical 
methods can be used to track changes in immune populations and activation status from flow cytometry to immunohistochemistry 
to gene expression analysis. We endeavored to characterize the functional tumor microenvironment changes for two syngeneic 
models following treatment with anti-PD-1 and anti-CTLA-4 antibodies  The syngeneic models used for the study were both colon 
adenocarcinomas, MC38 and CT26.  Mice bearing subcutaneous tumors were dosed intraperitoneally with either vehicle alone, 
anti-CTLA-4, anti-PD-1, or a combination of the two immune checkpoint inhibitors on days 1, 4, and 8. Tumors were harvested on 
day 9 and assessed for gene expression by microarray analysis.   The gene expression results were evaluated for the relationship
between treatment regimen and tumor volume change by expression level association, functional set enrichment analysis, and 
immune cell population gene set variation analysis.  For each of the tumor models, >10,000 genes were found to be significantly 
differentially expressed.  Functional set enrichment analysis showed notable changes in cell cycle and mitotic markers as well as 
immune response markers in MC38. In contrast, CT26 showed principally changes in immune response markers.  Immune cell 
population set analysis revealed differential impacts on numerous immune cell populations between the models which correlate 
with therapy induced changes in tumor growth. These include expected changes in CD8+ T-cell populations for both models but 
also differential changes in other populations including CD56dim NK cells, eosinophils and B cells in MC38 and neutrophils in
CT26.   We also conducted a genomic analysis by whole exome sequencing.  Both tumor models have relatively high tumor 
mutational burden; CT26 TMB = 377 MB and MC38 TMB = 69 /MB.  These data show the value of robust bioinformatics analysis 
of gene expression data sets to provide insights into the mode of action and model responses to investigational immune-oncology 
drugs. 

2 Methods
In Vivo Studies:
BALB/c mice (Charles River) were implanted in the flank with 3×105 CT26 cells and dosing began when tumors reached a mean 
volume of 120 mm3.  C57BL/6 mice (Charles River) were implanted in the flank with 5×105 MC38 cells and dosing began when 
tumors reached a mean volume of 144 mm3. Dosing and tumor collection was the same for both models; four groups (n=10 mice) 
were dosed IP with either vehicle, anti-PD-1, anti-CTLA-4, or both checkpoint inhibitors combined. Twenty-four hours after the last 
dose the animals were sacrificed, and tumors collected for either flow cytometry or gene expression analysis. 
Gene Expression Analysis:
Tumor RNA was extracted and purified using RNeasy (Qiagen). Sample RNA purity and concentration was determined by RNA 
ScreenTape analysis on a Tape Station 4200 (Agilent). Gene expression was analyzed using Clariom D mouse transcriptome array 
chips (Affymetrix) and imaged on a GeneChip Scanner 3000 7G (Affymetrix). CT26 and MC38 mouse tumor models were 
assessed for data quality independently, with no samples being flagged as QC failures. At the unsupervised level, significant (FDR-
adjusted P < 0.05) associations between experimental factors and the first principal component (PC1), representative of the largest 
source of variation within the data, were similar across the CT26 and MC38 mouse tumor models. In both cases late stage tumor
volume and change in tumor volume were significantly associated with PC1. Genes found to be significantly differentially 
expressed were carried forward for functional enrichment analysis. GSEA determined whether sets of genes involved in pathways
of interest tend to be over-represented (enriched) at the extremes of an ordered list of genes identified, here ordered by per-mouse 
tumor model effect size (β) of the regression of gene expression onto Δ tumor volume (see CT26 Regression & MC38 
Regression). The statistical significance of GSEA was evaluated using an adaptive multi-level split Monte-Carlo scheme. GSVA 
determined signature enrichment at the per-sample rather than per-signature level. By ranking gene expression within individual 
samples, a Kolomogorov-Smirnov-like random walk statistic is calculated, both for genes within a given signature and for all other 
genes. The enrichment score is calculated as the magnitude difference between the largest positive and largest negative 
deviations of these random walks. Calculation of the enrichment score by this method both penalizes signatures whose genes are 
found at both ends of an expression-ranked list of genes, as well as being normally distributed and allowing enrichment scores to 
be modelled as a function of Δ tumor volume as Enrichment score ~ Δ volume + treatment.
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Figure 2. Median tumor volume changes after dosing for both CT26 (A) and MC38 (B) models.
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Figure 3. Bubble plots of enriched Reactome Pathways, all significant features for both CT26 (A) and MC38 (B) models. Genes 
found to be significantly differentially expressed were carried forward for functional enrichment analysis. This was performed for each modelling approach and 
mouse tumor model independently, where significant differential expression at an FDR-adjusted P-value threshold of P < 0.05 was evident. Enrichment 
analyses with enrichment Z-score on the X axis and -log10(p-value) on the y-axis. Point size represents pathway size and point color represents Z-score 
calculated as  Z=(Su−Sd)/√N , where  Su and  Sd are the number of significant up-regulated and down-regulated genes in the pathway respectively and N  is 
the total number of genes in the pathway. A prevalence of proliferation and cell cycle pathways were found to be enriched, reflecting a state of active 
reduction in tumor volume following successful recruitment of the hosts inherent immune response.
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Figure 1. Study design for dosing and tumor sampling.
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Figure 4. Gene set heatmaps and volcano plots of gene set enrichment for both CT26 and MC38. Z-scored normalized gene expression presented by heatmap for several sets of gene signatures for both 
CT26 (A.) and MC38 (B.). Genes (rows) were hierarchically clustered. The sample orderings are presented by the combination of treatment and change in tumor volume. Tumor volume change was calculated between penultimate 
and ultimate time points. The volcano plots of statistical significance of pathway-specific gene set enrichment (-log10 FDR-adjusted p-value) against normalized enrichment score, for a set of public domain gene expression 
signatures, are presented for both CT26 (C.) and MC38 (D.). The size of each point reflects the number of genes evaluated for each pathway. The gene set signatures used here are of immune cell populations and pathways 
derived from solid tumors and infiltrating immune cells described in Tamborero, et. al., (2018), Clinical Cancer Research 24 (15). 
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