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immune evasion in advanced colorectal cancer

Toshitaka Sugawara,1 Fuyuki Miya,2,3,4,5,* Toshiaki Ishikawa,6 Artem Lysenko,3 Jo Nishino,7 Takashi Kamatani,2,4,8

Akira Takemoto,9 Keith A. Boroevich,3 Kazuhiro Kakimi,10 Yusuke Kinugasa,11 Minoru Tanabe,1

and Tatsuhiko Tsunoda2,3,4,12,13,*

SUMMARY

Elimination of cancerous cells by the immune system is an important mechanism
of protection from cancer, however, its effectiveness can be reduced owing to
development of resistance and evasion. To understand the systemic immune
response in advanced untreated primary colorectal cancer, we analyze immune
subtypes and immune evasion via neoantigen-related mechanisms. We identify
a distinctive cancer subtype characterized by immune evasion and very poor
overall survival. This subtype has less clonal highly expressed neoantigens and
high chromosomal instability, resulting in adaptive immune resistance mediated
by the immune checkpoint molecules and neoantigen presentation disorders.
We also observe that neoantigen depletion caused by immunoediting and high
clonal neoantigen load are correlated with a good overall survival. Our results
indicate that the status of the tumor microenvironment and neoantigen composi-
tion are promising new prognostic biomarkers with potential relevance for treat-
ment plan decisions in advanced CRC.

INTRODUCTION

Both surgical and chemo-radio therapy-based treatments of colorectal cancer (CRC) have greatly improved

in recent decades (Bekaii-Saab et al., 2019; Dekker et al., 2019; Fujita et al., 2017; Mayer et al., 2015; Saltz

et al., 2000, 2008; Schnitzbauer et al., 2012; Tournigand et al., 2004; Van Cutsem et al., 2009), leading to

considerable improvements in disease prognosis, with an overall 5-year survival rate now at 64% (Siegel

et al., 2020). Although 25%–30% of patients who had intent-to-cure surgeries were reported to suffer

from metastatic recurrences (Engstrand et al., 2018), about half of them could still be cured with multidis-

ciplinary treatments (House et al., 2010). However, patients with stage IV CRC at the first diagnosis still only

have a 5-year survival rate of 14% (Siegel et al., 2020).

In recent years, cancer immunology has become one of the most active and promising areas of cancer

research. Most notably, the development of immune checkpoint inhibitor (ICI) therapy led to paradigm

shifts in the treatment of several cancers (Le et al., 2017; Topalian et al., 2012). Despite ICI therapy being

relatively successful in the treatment of lung cancer and melanoma, its effective application remains chal-

lenging in CRC. There are relatively few (4%–5%) approved ICI therapy candidates (cases with high micro-

satellite instability [MSI-H] or high tumor mutation burden [TMB]), and of those, only half respond to treat-

ment (Le et al., 2015). The exact reasons for this are yet to be found, and it is therefore very important to

identify good predictive biomarkers (Le et al., 2020; Overman et al., 2018).

CRC is unique in that it is possible to treat metastases after the initial resection of the primary tumor for at

least some stage IV CRCs (Benson et al., 2018). This makes it possible to collect untreated samples from

advanced primary tumors. Genomic analysis of these samples can determine indications for anti-epidermal

growth factor receptor therapy (RAS mutations) or ICI therapy (MSI status) (Arnold et al., 2017; Sanz-Garcia

et al., 2017). Additional analysis may provide yet more valuable information about anti-tumor immunity and

may even allow more accurate prediction of response to ICI or conventional chemotherapy.

We were particularly interested in understanding the role tumor microenvironment status and neoantigen

composition play in advanced CRC, as tumors evolve in a balance between immune infiltration and evasion
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as cancer progresses (Angelova et al., 2018; Rosenthal et al., 2019). Advanced cancer is a systemic disease,

and therefore good response to chemotherapy is important to long-term patient survival. Previous studies

have identified several mutations related to poor prognosis (Giannakis et al., 2016; Haan et al., 2014;

Yaeger et al., 2018) and have also confirmed the importance of tumor-infiltrating lymphocytes in CRC

(Mlecnik et al., 2011; Pages et al., 2018). However, at present, the exact links between these two aspects

still remain largely unclear. Understanding the mechanisms behind these connections was the main moti-

vation of this study, where we specifically looked at the interrelationship between tumor microenvironment

and neoantigen status and how the balance between them affects prognosis in advanced cancer. Our anal-

ysis confirmed that both tumor microenvironment and immune evasion characteristics are very important

prognostic factors. Significantly, a subset of profiled tumors had a distinct immunologically ‘‘cold’’ subtype

that also underwent strong immune evasion resulting in a very poor overall survival (OS). However, at the

same time, neoantigen depletion, caused by immunoediting and high clonal neoantigen rate, were corre-

lated with a good OS.

RESULTS

Tumor genomic landscape

In total, 89 samples were collected from 89 patients (Table S1), of which 66 patients had stage IV CRC.

Owing to insufficient whole-exome sequencing (WES) data, four samples were excluded from WES anal-

ysis. On average, 167 nonsynonymous mutations were identified (Figures S1A). Somatic mutations in the

known CRC driver genes (Giannakis et al., 2016; Haan et al., 2014; Yaeger et al., 2018) APC (79%), TP53

(76%), and KRAS (44%) were frequently detected (Figure S1A). In terms of MSI status, four samples were

classified asMSI-high (MSI-H), one sample asMSI-low (MSI-L), and the others asmicrosatellite stable. Three

of the MSI-H samples had an extremely large number of mutations (Figure S1A). Mutational signature anal-

ysis using the COSMIC single base substitution (SBS) catalog (https://cancer.sanger.ac.uk/cosmic/

signatures/SBS/) found that SBS1 and SBS5 signatures were the most frequently observed (Alexandrov

et al., 2020; Pandey et al., 2019). Copy number analysis was consistent with previous reports for CRC (Muzny

et al., 2012), in that MSI-H samples had few copy number alterations (Figure S1B).

Identification of a distinct tumor immune microenvironment subtype

All computationally inferred immunological properties and other transcriptome-specific analyses were

based on the RNA-seq results, which were prepared according to standard Illumina protocols for Illumina

HiSeq 4000 Sequencer, and counts were normalized either to fragments per kilobase million (FPKM) or

transcripts per million (TPM), as required by each particular downstream method. These gene expression

values were used to estimate tumor immune status based on the 18-gene set from Ayers et al. (2017) by

clustering all samples using Ward’s hierarchical clustering method. The results suggested the presence

of three distinct clusters that corresponded to the enrichment of IFNg-responsive genes: hot, intermediate,

and cold groups (Figure 1A). The immune cell population of each tumor estimated using MCPcounter

(Becht et al., 2016) and xCell (Aran et al., 2017), both of which infer immune cell composition of a sample

based on gene expression data, is also shown in Figure 1A. The intermediate group had higher expression

of programmed death ligand 1 (PD-L1, CD274) and programmed death ligand 2 (PD-L2, PDCD1LG2) than

the cold group and lower expression of HLA class II genes than the other groups. In addition, the interme-

diate group had fewer B lineage cells, monocytic lineage cells, mast cells, and regulatory T cells than the

high group. Differences in cytolytic activity scores (Rooney et al., 2015) among the three groups corre-

sponded well with the cluster assignments (Figure S2).

To understand the characteristics of the intermediate group, further analysis was done using RNA-seq data.

The RNA-seq data were processed using the tool MiXCR (ver 3.0.7) (Bolotin et al., 2015) in order to quantify

the clonotypes of T cell and B cell receptor. Owing to insufficient data of T cell repertoire reads, only data of

B cell repertoire were used for downstream analysis. The raw score of immune cells abundance estimates

from MCPcounter and the clonality of the B cell receptor (BCR) of the three groups were compared, and

differential expression analysis was performed using DESeq2 (Love et al., 2014). The intermediate group

had the lowest abundance of predicted B lineage cells of all three groups (Figure 1B) and lower BCR clon-

ality than the cold group (p = 0.044, Welch’s t test; Figure 1C). There were no genes that were most highly

expressed in the intermediate group, whereas six genes were expressed at the lowest level in the interme-

diate group: CD74, HLA-DRA, HLA-DPA1, HLA-DRB6, C1QB, and VIM-AS (Figures S3A and S3B). These

findings suggest that the intermediate group has decreased antigen presentation ability as well as lower

B cell and macrophage activity. Of note, these immune cells are known to be components of tertiary
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lymphoid structures (TLSs) (Sautès-Fridman et al., 2019). Higher expression of PD-1, PD-L1, PD-L2, and

IFNg in the intermediate group relative to the cold group suggests that the intermediate group may

have adaptive resistance to lymphocytes (Figures 1D–1G) (Tumeh et al., 2014).

Neoantigen number varies with the tumor immune microenvironment

The tumor immunemicroenvironment emerges from the complex interrelationship between anti-tumor im-

munity and the tumor itself. Tumor immunogenicity is an important factor driving immunity, which in this

case was profiled by looking at predicted putative neoantigens arising from altered tumor proteins formed

as a result of nonsynonymousmutations. The overall insightfulness of neoantigen analysis was confirmed by

computing the Pearson correlation coefficient between the number of predicted neoantigens (TPM >1)

and TMB, which was found to be 0.62 (Figure S3C), suggesting the number of neoantigens and TMB are

not completely proportional.

Neither neoantigen nor highly expressed neoantigen (TPM >10, HiNeo) numbers were found to signifi-

cantly differ between the three groups (Figures 2A and 2B). The neoantigen rate was expressed as a ratio

Figure 1. Tumor microenvironment

(A) Heatmap of tumor immune status estimated using T cell-inflamed gene expression profile (18-gene set) in 89 colorectal cancer samples. In each column,

expression levels are standardized (centered and scaled). Patients are in columns and genes are in rows. The rows and columns were clustered using Ward’s

clustering method. The immune cell infiltration was estimated using MCPcounter and xCell, and classification results are shown below the heatmap in

additional annotation tracks.

(B–G) The abundance of predicted B lineage cells (B); the clonality score of BCR (C); and the expression of PD-1 (D), PD-L1 (E), PD-L2 (F), and IFNg (G), all

grouped according to the hot/intermediate/cold status. See also Figures S2 and S3. The minimum and maximum are indicated by the extreme points of the

box plot; the median is indicated by the thick horizontal line; and the first and third quartiles are indicated by box edges. The p value for group mean

comparisons was calculated using Welch’s t test. All p values R 0.1 are not shown. aImmune cells estimated by MCPcounter. bImmune cells estimated by

xCell.
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Figure 2. Neoantigen-directed immune evasions: depletion, expression, and presentation of neoantigens

(A–H) Boxplots illustrate the number of neoantigens (A), the number of highly expressed neoantigens (B), neoantigen rate (C), highly expressed neoantigen

rate (D), clonal neoantigen rate (E), highly expressed clonal neoantigen rate (F), subclonal neoantigen rate (G), and highly expressed subclonal neoantigen

rate (H) in the hot/intermediate/cold groups, respectively. The minimum and maximum are indicated by the extreme points of the box plot; the median is

indicated by the thick horizontal line; and the first and third quartiles are indicated by box edges.

(I and J) The percentage of neoantigens (I) or highly expressed neoantigens depletion (J) by IES_syno. See also Figure S4.

(K) The stacked bar chart of HLA-LOH in each group (hot, 1/9; intermediate, 0/7; cold, 9/69).

(L) The pie chart shows the percentages of samples with HLA-LOH, mutations in HLA class I regions, mutations in B2M, and without any.
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of neoantigens to nonsynonymous mutations (Figures 2C and 2D). The rate of HiNeo was highest in the hot

group (Figure 2D, versus intermediate group p = 0.060, versus cold group p = 0.035, Welch’s t test). Like-

wise, the hot group had the highest clonal HiNeo rate (versus intermediate group p = 0.026, versus cold

group p = 0.014; Figure 2F) and lower subclonal HiNeo rate than the cold group (p = 0.0038; Figure 2H).

For the overall neoantigen rate with TPM >1, the hot group had a higher clonal neoantigen rate

(p = 0.043; Figure 2E) and a lower subclonal neoantigen rate than the cold group (p = 0.00039; Figure 2G).

In summary, the hot group hadmore immunogenic clonal HiNeo, likely leading to the development of their

immunologically ‘‘hot’’ nature. On the contrary, in the cold and intermediate groups, most of the tumors

lost clonal HiNeo and got more subclonal neoantigens, indicating that immunoediting may have occurred.

Genomic loss of neoantigen coding sequences

Depletion of neoantigens, which is believed to be due to immunoediting, was quantified by calculating IES,

where a score of <1 indicates that neoantigen depletion has occurred due to immunoediting. We used two

methods to calculate IES. The first was the method of Jiménez-Sánchez et al. (2017; Rooney et al., 2015),

which uses the number of synonymous mutations (hereinafter, referred to as ‘‘IES_syno’’). The second

was the method of Eynden et al. (2019), which is based on mutational signatures (hereinafter, referred to

as ‘‘IES_sig’’). Samples with IES <1 were annotated as ‘‘depleted’’ and the remaining as ‘‘non-depleted.’’

There were no differences in neoantigen and HiNeo depletions between the three groups (p > 0.1; Figures

2I, 2J, and S4).

Neoantigen expression is decreased due to immune evasion

Previous studies have reported that the expression of neoantigens may be decreased or lost as a result of

immune evasion (Rooney et al., 2015). To confirm such patterns in this dataset, enrichment analyses were

done for non-expressed neoantigens (TPM = 0) and low-expressed neoantigens (0 < TPM <1). In these an-

alyses, the three groups were merged owing to the insufficient number of cases in the hot and intermediate

groups. First, the ratio of neoantigens that had non-expressed, nonsynonymous mutations (n = 3199) was

compared with the ratio of non-expressed, synonymous mutations (n = 2,938) (Figure 2M). This comparison

showed that the expression losses tended to occur at a higher rate in the neoantigens (p = 0.075, odds ra-

tio = 1.29). Second, the same analysis was done for the low-expressed neoantigens, which confirmed that

neoantigens, especially clonal neoantigens, tended to contain fewer lowly expressed mutations (p = 0.082

and p = 0.061; Figure 2N).

Neoantigen presentation disruption is associated with immune evasion

Neoantigen presentations may become subject to immune evasions, resulting in mutations and loss of het-

erozygosity (LOH) in HLA class I regions (HLA-LOH) and mutations in b2-microglobulin (B2M) (Castro et al.,

2019; McGranahan et al., 2017). Similar to previous reports (McGranahan et al., 2017), some HLA-LOH were

indeed detected in one sample in the hot group and nine samples in the cold group (Figure 2K). Mutations

in HLA class I regions and B2M were detected in three samples, and one sample had mutations in both of

these genes (Figure 2L) and all of these samples were MSI-H.

The immune evasion mechanisms of HLA-LOH and repression of neoantigen expression to TPM = 0 were

reported as exclusive (Rosenthal et al., 2019). These were assessed by comparing the ratio of non-expressed

nonsynonymousmutations contained in neoantigenswith the ratio of non-expressed synonymousmutations be-

tween samples with and without HLA-LOH. In line with the previous reports, there were significantly more non-

expressed neoantigens in samples without HLA-LOH (p = 0.029, odds ratio = 1.28; Figure 2O).

Figure 2. Continued

(M and N) The odds ratio and error bars (95% confidence interval [CI]) show the rate of non-expressed neoantigens (TPM = 0) in total neoantigens (TPMR0)

to the same rate for synonymous mutations (M), and the rate of low-expressed neoantigens (0 < TPM<1) in expressed neoantigens (TPM>0) to the same rate

for synonymous mutations (N). The p value for odds ratio was calculated using Fisher’s exact test. Odds ratio >1 represents the neoantigens that are more

likely to become non-expressed or lowly expressed in comparison with synonymous mutations. The error bars represent 95% CI.

(O) The odds ratio and error bar (95% CI) comparing the rate of non-expressed neoantigens in total neoantigens with the same rate for synonymous

mutations is shown for samples with and without HLA-LOH.

(P) The wGII score for the three groups. The minimum and maximum are indicated by the extreme points of the box plot; the median is indicated by the thick

horizontal line; and the first and third quartiles are indicated by box edges. All p values R 0.1 are not shown. inter., intermediate; Neo, neoantigen; Syno,

synonymous mutation
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Chromosomal instability increase is associated with immune evasion

Chromosomal instability (CIN) was quantified using the genome integrity index (wGII) by Endesfelder et al.

(2014). The hot group had the lowest wGII across all groups (Figure 2P). This demonstrates that the inter-

mediate and cold groups were subject to more immune evasions and had high CIN.

Immune microenvironment and evasion affect the prognosis of CRC

Immunologically distinct groups identified by the above analysis (Figure 3) were found to have distinctive

OS prognoses. Interesting, the intermediate group (classified by tumor immune status) had the worst prog-

nosis (versus hot group p = 0.068, versus cold group p = 0.0096, log rank test; Figure 4A). These results are

consistent with previous observations (Galon and Bruni, 2019). No significant associations were found be-

tween prognosis and HLA-LOH (Figure S5A) or TIDE score (Jiang et al., 2018) calculated using the expres-

sion signatures of T cell dysfunction and T cell exclusion (Figure S5B). Only the HiNeo-depleted group in

IES_sig (Figure 3, IES_sig HiNeo) had better OS than the non-depleted group (p = 0.021; Figures 4D and

4E), whereas IES_syno did not have any prognostic power (Figures 4B and 4C). The samples with high clonal

neoantigen burden (McGranahan et al., 2016) tended to have better OS (p = 0.055; Figure 4F) as did those

with high TMB (p = 0.010), high number of neoantigens (p = 0.055), and high number of clonal neoantigens

(p = 0.041). All of the latter relationships were profiled by fitting a Cox proportional hazard regression

model.

Next, stratified analysis was done by considering stage IV CRC samples (74%). The intermediate group still

showed a tendency for a worse prognosis, although the trend was no longer significant, most likely due to a

very low number of cases (Figure 4G). Strikingly, the prognostic power of HiNeo-depletion in IES_sig

(p = 0.0024; Figure 4H) and high clonal neoantigen burden became stronger (p = 0.018, Figure 4I). No as-

sociation was detected between the prognosis and any of the HLA-LOH, TIDE score, or IES_syno metrics

(Figure S6).

Figure 3. Landscape of cancer immunity in advanced CRC

A series of parameters analyzed to characterize each sample are listed: neoantigen load, highly expressed neoantigen load, immunologic status, TIDE score

(Z score normalized), MSI, TMB, IES_sig, HLA-LOH, wGII score (Z score normalized), TNM stage, and OS. For OS, alive patients are annotated in green and

dead patients in purple, and the colors are shaded according to survival time. Not applicable data are shown in black. TNM stage, the American Joint

Committee on Cancer and Union for International Cancer Control TNM classification system eighth edition was used.
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Figure 4. Survival analysis in respect of cancer immunity

(A–F) Kaplan-Meier curves for univariate overall survival according to immunologic status (A), IES_syno of neoantigens (B), IES_syno of highly expressed

neoantigens (C), IES_sig of neoantigens (D), IES_sig of highly expressed neoantigens (E), and clonal neoantigen rate (F) in all samples. See also Figure S5.
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Highly expressed neoantigen-depleted group in IES_sig exhibits different immune

characteristics

The HiNeo-depleted group in IES_sig (Figure 3, IES_sig HiNeo) (hereinafter, referred to as ‘‘IES_sig

depleted group’’) (n = 61) had a good prognosis, so we sought to characterize this prognosis by profiling

its tumor immune microenvironment and immune evasion in neoantigens. With regards to the abundance

of cytotoxic immune cells, there were no associations between the hot/intermediate/cold groups and the

IES_sig depleted/non-depleted groups (Figures 2I and 2J). The abundance of predicted B lineage cells,

BCR clonality, and wGII score similarly were not associated with IES_sig depletion (Figures 5A–5C). Consis-

tent with the definition of IES, the IES_sig depleted group had a lower HiNeo rate (p = 0.044; Figure 5D).

With respect to a decrease in expression or loss of neoantigens, the IES_sig depleted group (Figure 3,

IES_sig HiNeo) tended to have a higher percentage of non-expressed neoantigens (p = 0.061, odds

ratio = 1.39; Figure 5E) and a lower percentage of low-expressed neoantigens (p = 0.093, odd ratio =

0.89; Figure 5F) than synonymous mutations, which was especially true for clonal neoantigens (p = 0.057,

odd ratio = 0.87; Figure 5G). This finding demonstrates that the IES_sig depleted group had more immu-

noediting resulting in expression loss of neoantigens and more expressed clonal neoantigens that are

immunogenic. Nine samples (14.8%) in the IES_sig depleted group and one (4.2%) in the non-depleted

group had HLA-LOH. Nominally, HLA-LOH was therefore more likely to occur in the IES_sig depleted

group, although this difference was not statistically significant (Figure S7).

The intermediate and IES_sig-depleted groups not detected in TCGA-CRC samples

Finally, to validate the new findings in this study, we assessed the prognosis of the intermediate group and

IES_sig depleted group (Figure 3, Tumor immune status; IES_sig HiNeo) using the CRC subset from TCGA.

Only 5% of TCGA-CRC samples were with unresectable metastasis, whereas our dataset had over 74%.

Analogous to this study, the samples (n = 689) were clustered based on the expression of the 18-gene

set. However, the analysis did not identify a cluster corresponding to the intermediate group, which had

an intermediate expression of PD-L1 and PD-L2 and lower expression of HLA class II genes than the other

groups (Figure S8A). Subsequently, re-clustering was done after six genes that had the lowest expression in

the intermediate group were added to the 18-gene set, but still, an intermediate group was not identified.

These findings suggest that there may be fewer tumors developing adaptive resistance and immune eva-

sions in early-stage CRC. Next, a survival model based on the HiNeo-depletion in IES_sig was fitted to the

TCGA-CRC samples (n = 300). However, in this case, the HiNeo-depletion in IES_sig was not significantly

associated with OS (Figure S8B). The likely reason for this difference is the relatively larger number of

advanced-stage samples in our dataset. The same survival analysis on TCGA-CRC samples with unresect-

able metastasis (n = 15) still could not identify any difference, possibly owing to the insufficient number of

cases (Figure S8C).

DISCUSSION

Owing to the substantial number of advanced-stage cancer samples in our dataset, we were able to

comprehensively profile the immune avoidance patterns of CRC and link these newly discovered subtypes

to the differences in patient outcomes. Using expression data from a CRC sample set of which 74% were

stage IV samples, we identified a subgroup (the intermediate group) with a poor prognosis (Figure 3, Tu-

mor immune status). The analysis of this group’s tumor immune microenvironment revealed high expres-

sion of PD-1, PD-L1, and PD-L2 and low expression of HLA class II and macrophage-associated genes and

contained fewer B-lineage cells. In combination, these results indicate that not only the function of T cells

but also neoantigen presentation was disrupted. As a likely consequence, stimulation of CD8-positive

T cells was downregulated in this intermediate group.

Another important characteristic of the intermediate group was that it had far fewer clonal highly expressed

neoantigens (HiNeo) and high CIN. This strongly suggests that these tumors were under immune attack,

which then led to subsequent development of immune evasion in the form of adaptive immune resistance

mediated via immune checkpoint molecules and immunoescape due to low expression of subclonal

Figure 4. Continued

(G–I) Kaplan-Meier curves for univariate overall survival according to immunologic status (G), IES_sig of highly expressed neoantigens (H), and clonal

neoantigen rate (I) in stage IV samples. See also Figure S6. The number of patients at risk is displayed below the survival curves, and significance is

determined using a two-side log rank test. All p values R 0.1 are not shown. Neo, neoantigen.
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neoantigens. For brevity and to emphasize the immune evasion ability of this subtype, we will refer to it as

the ‘‘stealth subtype’’.

An important consideration from these results is possible implications for treatment optimization.

Although we acknowledge that further research will be needed to fully profile the response of stealth sub-

type tumors to different treatments, its poor response to chemotherapy may be explained by its adaptive

immune resistance and immune escape. Given these observations, three treatment strategies stand out as

particularly promising for successfully targeting this subtype. The first option is a combination of immune

checkpoint inhibitor therapies (Yi et al., 2019) based on high expression of PD-1 and PD-L1, which, based on

the characteristics of this subtype, may prove more effective than conventional chemotherapies. The sec-

ond potentially promising treatment is the recently introduced chimeric antigen receptor T cells therapy

(Titov et al., 2020) that aims to effectively target decreased neoantigens and kill tumor cells, although

the target neoantigens need to be further investigated. Lastly, considering the decreased antigen presen-

tation ability and lower B cell and macrophage activity of the stealth subtype, treatments that can stimulate

TLSs are also worth considering.

Another important outcome from this work is in demonstrating how a combination of current immune

profiling approaches can be used to gain some insight into not only the current state of tumor microenvi-

ronment but also its past evolution. Our investigation into the immune evasion characteristics of each tu-

mor showed that we can potentially infer whether the tumor was attacked by the immune system, given the

fact that immunoediting typically occurs after an immune attack. This type of inference is a complementary

axis of analysis in addition to the now typically used tumor immune status (hot/cold) estimates from the re-

sected samples. In the hot group, high neoantigen abundance and less neoantigen-related immune

evasion were consistent with the immunology of tumor samples; the immunologically ‘‘hot’’ status thus

A

E F G

B C D

Figure 5. Immune features of highly expressed neoantigen depletion in IES_sig

(A–D) Boxplots illustrate the abundance of predicted B lineage cells (A), clonality score of BCR (B), wGII score (C), and highly expressed neoantigens rate (D),

according to the depletion in highly expressed neoantigens depletion in IES_sig. Theminimum andmaximum are indicated by the extreme points of the box

plot; the median is indicated by the thick horizontal line; and the first and third quartiles are indicated by box edges.

(E–G) For the same classification, the odds ratio and error bars (95% CI) show the rate of non-expressed neoantigens (TPM= 0) in total neoantigens (TPMR0)

to the same rate for synonymous mutations (E), the rate of low-expressed neoantigens (0 < TPM <1) in expressed neoantigens (TPM >0) to the same rate for

synonymous mutations (F), and the rate of low-expressed clonal neoantigens (0 < TPM <1) in expressed clonal neoantigens (TPM >0) to the same rate for

synonymous mutations (G). All p values R 0.1 are not shown. See also Figure S7. Neo, neoantigen; Syno, synonymous mutation.
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can be explained by the plentiful immunogenic neoantigens and scarce subclonal neoantigens. However,

we propose that it is far more meaningful to have a higher granularity interpretation of the ‘‘cold’’ tumor

status, which therefore becomes somewhat more complex. Two possibilities are either that a tumor was

always cold because of the failure to develop any immune response or that a tumor was previously hot

but then became cold because of successful immune avoidance by the cancer. These two outcomes can

be clearly identified in our results, where the cold group had less clonal HiNeo and more subclonal neo-

antigens. This observation may be explained by hypothesizing that most of the tumors in the cold group

were under an immune attack driven by the clonal HiNeo and subsequently underwent immunoediting

that caused the reduction of the clonal HiNeo and the appearance of subclonal neoantigens. It is also

possible that some samples had not been attacked owing to their poor immunogenicity. In summary, these

findings suggest that we may be able to infer the past immune activity by assessing the neoantigen profile

of each tumor, especially tumors that lack tumor infiltrating lymphocytes in the resected samples. This

interpretation is further supported by the absence of any association between neoantigen depletion

and the abundance of predicted tumor-infiltrating lymphocytes.

Regarding the prognosis of CRC, the main results from this study were the identification of two biomarkers

with prognostic power and establishment of a relationship between the stealth subtype, immunoediting, and

patient outcomes. The statistical significance of the two prognostic factors became even greater when the

subgroup of stage IV CRC samples was considered in isolation, indicating that these late-stage samples were

likely very important for being able to discover this relationship. The first prognostic biomarker was clonal

neoantigen burden—a high clonal neoantigen burden was associated with good OS, as previously reported

(McGranahan et al., 2016; Rosenthal et al., 2019). The second biomarker was the HiNeo depletion (as ex-

pressed by IES_sig) where the IES_sig depleted group was found to have a better OS. A similar finding

was reported by Angelova et al., 2018 where in two patients with metastatic CRC, neoantigen-depleted

clones were found to be more likely to be eliminated by an immune attack and had better relapse-free sur-

vival (Angelova et al., 2018). We observed the same prognostic power in 89 patients with CRC. On the con-

trary, Rosenthal et al. reported neoantigen depletion as a factor related to poor prognosis for patients with

early-stage lung cancer (Rosenthal et al., 2019). These two reports calculated IES by modifying the original

method from Rooney et al. (2015), using the number of synonymous mutations (IES_syno). However, a recent

report by Van den Eynden et al. (2019) demonstrated that estimation based on synonymous mutation num-

ber is vulnerable to the effects of mutational signatures and proposed a new IES that can account for these

effects (IES_sig). Indeed, we observed good prognostic power only for IES_sig but not for IES_syno.

This last observation highlights the importance of considering immunoediting processes for correctly inter-

preting the characteristics of particular tumor and accurately inferring likely prognosis. On first glance, the

finding that the neoantigen-depleted group with advanced CRC had a better prognosis is seemingly coun-

terintuitive. However, it can be explained if neoantigen depletion is considered as evidence of immunoge-

nicity that was strong enough to cause an immune attack and subsequent immunoediting. Thus, when the

overall prominence of immunogenic neoantigens increases via DNA replication or chemotherapy-induced

tumor cell death, the immune system can be re-activated, leading to an improved OS. Taken together, the

observed patterns indicate that shedding greater light on the neoantigen-mediated immune evasion may

be a promising way to predict the prognosis in patients with advanced CRC. On the other hand, when the

neoantigen depletion is identified in early-stage samples, the possibility of generating a treatment-resis-

tant clone may increase. This hypothesis may explain the poor prognosis reported for early-stage lung can-

cer (Rosenthal et al., 2019), although we could not verify this further owing to an insufficient number of early-

stage samples.

Overall, this study provides evidence of neoantigen-related immune evasion in CRC and sheds some light

on its role in stage IV cases and its possible involvement in the poor prognosis subtype. Our results also

raise the possibility that the status of tumor microenvironment and neoantigen composition may be crucial

factors for the selection of optimal treatments.

Limitations of the study

The present study has three limitations. First, this is a single-center study with a relatively small number of

samples and for this reason we cannot stratify the samples by the TNM stage and perform a more detailed

analysis. Owing to the differences in the staging composition of the population across our study and

TCGA-CRC, we mainly compared our findings in relatively early-stage CRC range and for this reason the
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results were not very informative. Indeed, this suggests that our data do contain valuable observations

about advanced CRC. Second, the samples in this study were from the era before immune therapies rep-

resented by ICI therapy. We cannot investigate the responses to ICI therapy and verify our hypothesis in the

stealth subtype. Follow-on studies with a larger number of samples that allow for stratification by TNM and

include samples receiving ICI therapy are therefore needed to verify our findings. Third, samples in this

study were from an era when stage IV CRC was resected despite the presence of distant metastasis.

More recently, non-resection has become a commonly followed policy in such cases. However, equivalent

analyses comparable with this study group can still be done by using biopsy specimens to identify the

stealth subtype and the neoantigen-mediated immune evasion, which are prognostic biomarkers.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and data should be directed to and fulfilled by the Lead

Contact, Tatsuhiko Tsunoda (tsunoda@bs.s.u-tokyo.ac.jp).

Materials availability

This study did not generate new unique materials.

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Primary colorectal tumors Tokyo Medical and Dental University

Medical Hospital, Japan

#1–#89

Project approval number M2000-831

Matched normal colorectal samples Tokyo Medical and Dental University

Medical Hospital, Japan

#1–#89

Project approval number M2000-831

Chemicals, peptides, and recombinant proteins

BOND Epitope Retrieval Solution 2 Leica Cat# AR9640

BOND Polymer Refine Detection Leica Cat# DS9800; RRID: AB_2891238

Critical commercial assays

Agilent SureSelect DNA - SureSelectXT

Human All Exon V7

Illumina N/A

Deposited data

Processed RNA-seq data in human CRC patients This paper GEO: GSE192667; https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE192667

TCGA CRC data National Cancer Institute https://gdc.cancer.gov/

TCGA CRC RNAseq data XENA data portal http://xena.ucsc.edu/

Software and algorithms

Bwa (v 0.7.17) N/A bio-bwa.sourceforge.net

Samtools (v1.4) SAMtools samtools.sourceforge.net

Mutect2 (GATK v4.1.2.0) Broad Institute https://software.broadinstitute.org/gatk

SigProfiler Alexandrov et al. (2020) https://github.com/AlexandrovLab/

SigProfilerExtractor

CNVkit Talevich et al. (2016) https://cnvkit.readthedocs.io/

CYT Rooney et al. (2015) N/A

MCP-counter Becht et al., 2016 https://github.com/ebecht/MCPcounter/

xCell Aran et al. (2017) https://github.com/dviraran/xCell

TIDE Jiang et al. (2018) http://tide.dfci.harvard.edu/login/

MiXCR v3.0.7 Bolotin et al. (2015) https://mixcr.readthedocs.io/

vdjtools v1.2.1 Shugay et al., 2015 https://github.com/mikessh/vdjtools

Opti-type Szolek et al. (2014) https://github.com/FRED-2/Opti-Type

PolySolver Broad Institute broadinstitute.org/cancer/cga/polysolver

pVACseq Hundal et al. (2018) https://pvactools.readthedocs.io/en/latest/

PyClone(v0.13.0) Shah Lab http://shahlab.ca/projects/pyclone/

LOHHLA McGranahan et al. (2017) https://bitbucket.org/mcgranahanlab/

lohhla/src/master/

R v3.6.0 The R Foundation https://www.rproject.org/
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Data and code availability

RNA-seq data generated during this study have been deposited in the Gene Expression Omnibus (GEO)

database under GEO: GSE192667 accession code (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE192667). The raw FASTQ files in this study will be provided for scientific research upon request

due to human patient privacy concerns. Code used for all processing and analysis is available upon request.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Samples

All tumor samples were surgically resected primary colorectal adenocarcinomas. Patients treated with neo-

adjuvant systemic chemotherapy were excluded. All tissues were collected at Tokyo Medical and Dental

University Medical Hospital (TMDUMH) following the study protocol approval by the TMDUMH Review

Board (approval number:M2000-831). Informed consent was obtained from all patients. Overall survival

was defined number of days from the start of the treatment. A total of 89 samples were collected from

89 patients (Table S1), of which 66 patients had stage IV CRC. There were 39 (44%) female patients, and

the median age was 66 years old (range: 37–81). Table S1 shows the pathological findings, treatments, re-

sponses to treatments, and overall survival of all patients.

METHODS DETAILS

Nucleic acid extraction

Total DNA was extracted from freshly frozen tumors and matched normal tissues using phenol-chloroform

extraction with magnetic beads. Total RNA was extracted from 10 mm sections of formalin-fixed paraffin

embedded (FFPE) blocks using RecoverAll Total Nucleic Acid Isolation Kit for FFPE kit (ThermoFisher).

Whole-exome sequencing (WES)

For all samples, DNA libraries were sequenced on the DNBSEQ-G50 (BGI) system and paired-end 100 bp

sequencing reads were generated using the Agilent SureSelect Human All Exon V7 Kit to target exonic re-

gions. The raw reads were aligned to the reference human genome (hg38) using Burrows-Wheeler Align-

ment (BWA-mem) ver 0.7.17. Duplicate-read removal and base quality score recalibration were performed

using the Genome Analysis Toolkit (GATK) ver 4.1.2.0 with default settings according to the GATK best

practices. Following this, somatic variants were identified using Mutect2 (Cibulskis et al., 2013) and gene

annotations were assigned using ANNOVAR. TMB (total number of nonsynonymous mutations, including

point mutation and insertion/deletion mutation, per megabase somatic base) was calculated using the R

package ‘‘maftools’’. Mutational signature analysis was performed using SigProfiler (Alexandrov et al.,

2020).

RNA sequencing (RNA-Seq)

For all tumor samples, the RNA-seq libraries were constructed by using total RNA prepared with TruSeq

RNA Exome (Illumina). The libraries were subsequently sequenced on Illumina HiSeqTM 4000 Sequencer

(Illumina) according to the manufacturer’s instructions. The reads were aligned to the reference human

genome (hg38) with STAR-2.7.1a software. The reads aligned to rRNA and transfer RNA (tRNA) regions

were removed. The mapped reads were assigned to genes (Ensembl database annotation version

GRCh38.98) using FeatureCount from the Bioconductor package Rsubread. The resulting FeatureCounts

were then normalized as either transcripts per million (TPM) or fragments per kilobase million (FPKM) by

R package neuMatIdx. Differential expression analysis was performed using DESeq2 (Love et al., 2014).

TCGA data

BAM files from tumor and matched normal samples, and MuTect2-called WES variant call format (vcf) files

from colon and rectal adenocarcinoma from TCGA were downloaded from the Genomic Data Commons

(GDC) data portal (https://portal.gdc.cancer.gov; data release v7). Individual genetic data were obtained

following specific approval: dbGaP Data Access Committee project #23557. Data of colon and rectal

adenocarcinoma expression in tumor tissues were extracted from the RNAseq Illumina HiSeq dataset in

TCGA of the University of California Santa Cruz Genomics Institute. The datasets were downloaded

from TCGA tools cancer browser (https://xenabrowser.net/hub/).
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Copy number analysis

We performed copy number analysis with CNVkit (Talevich et al., 2016) with default settings.

Immune cell populations estimation using RNA-seq data

Based on the results of a recent comparison report (Sturm et al., 2019), we used MCPcounter (Becht et al.,

2016) to estimate T cells, CD8 T cells, cytotoxic T cells, natural killer cells, B lineage cells, monocytic lineage

cells, myeloid dendritic cells and neutrophils. xCell (Aran et al., 2017) was used to estimate regulatory

T cells, CD4 T cells and mast cells. A set of 18 genes reported to be associated with T-cell inflammation

by Ayers et al. (2017) was used to cluster samples according to IFN-g–responsive genes related to antigen

presentation, chemokine expression, cytotoxic activity, and adaptive immune resistance. Additionally, im-

mune evasion scores were calculated using the tool developed by Jiang et al. (TIDE score) (Jiang et al.,

2018).

T cell and B cell repertoire abundance

RNA-seq data were processed using the tool MiXCR (ver 3.0.7) (Bolotin et al., 2015) in order to quantify the

clonotypes of T cell and B cell receptor. The final list generated by MiXCR was analyzed using VDJtools (ver

1.2.1) (Shugay et al., 2015). Due to insufficient data of T cell repertoire reads, only data of B cell repertoire

were used for downstream analysis.

HLA class I typing

For all patients, including TCGA patients, the 4-digit HLA class I typing was performed using Opti-type

(Szolek et al., 2014).

Putative neoantigen detection

From identified nonsynonymous mutations, mutations in The Cancer Gene Census (CGC) of COSMIC v91

database (https://cancer.sanger.ac.uk/census) (Sondka et al., 2018) were excluded in order to generate a

pool of peptides nine amino acids in length and containing the mutated amino acid. Their binding affinity

to the patient’s HLA class I alleles was predicted using the pVACseq (Hundal et al., 2018) pipeline with the

netMHCpan (v4.0) binding strength predictor. Peptides with a predicted binding strength of <500 nM and

relative percentile rank <2% were selected as candidate neoantigens (Rooney et al., 2015). Here, neoanti-

gens are defined simply as mutated genes with a TPM greater than 1, and highly expressed neoantigens as

those with a TPM greater than 10.

Clonality of neoantigen

Since the samples in the present study were not multiregion-sequenced samples, we used a modified

version of PyClone from McGranahan et al. (2016) to estimate clonal status of each point mutation of neo-

antigen. All samples were grouped into two groups (high versus low clonal neoantigen burden), defined as

samples in the upper quartile of clonal neoantigen load and all remaining samples.

Immunoediting score (IES)

Immunoediting was expressed as an IES, which compares the observed and expected numbers of neoan-

tigens detected in a sample, so a score of <1 represents neoantigen depletion has occurred due to immu-

noediting. We used two methods to calculate IES. The first was the method of Jiménez-Sánchez et al. (Ji-

ménez-Sánchez et al., 2017; Rooney et al., 2015), which uses the number of synonymous mutations

(hereinafter, referred to as ‘‘IES_syno’’). Instead of them using TCGA ovarian cancer samples, we used

TCGA colorectal cancer samples (n = 447). The second was the method of Eynden et al. (Van den Eynden

et al., 2019), which is based on mutational signatures (hereinafter, referred to as ‘‘IES_sig’’). This IES was

calculated using the web interface they provided to us (https://jimmyvde.shinyapps.io/Rsim/).

Detection of immune evasion in neoantigens at the RNA level

RNA data was used to determine enrichment of non-expressed neoantigens (TPM = 0) and low expressed

neoantigens (0 < TPM <1) via a likelihood ratio test (Rosenthal et al., 2019). The ratio of neoantigens that

had non-expressed or low-expressed nonsynonymous mutations was compared to the ratio of non-ex-

pressed or low-expressed synonymous mutations.
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Detection of mutation and LOH in HLA class I regions

The POLYSOLVER-based mutation detection tool was used to detect mutations in HLA class I genes (Shu-

kla et al., 2015). Prior to using POLYSOLVER, the raw reads were aligned to the reference human genome

(hg19) using the Burrows-Wheeler Alignment tool ver 0.7.17. Subsequently, tumor samples that contained

a LOH event in HLA class I region were categorized as HLA-LOH (McGranahan et al., 2017).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Where appropriate, comparisons between two groups were performed using a Welch t test. The Fisher’s

Exact Probability statistic was used for ORs. Survival curves were compared using a log rank test (Mantel-

Cox). The Cox proportional hazard model was used to investigate the relationship between continuous

values and survival time. p < 0.05 was considered to be statistically significant. All statistical analysis and

plotting were done in R version 3.6.1.
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