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ABSTRACT 

In recent years, immunotherapy has gained prominence both as a therapeutic option and as a major topic of cancer 

research. Despite this progress, the effectiveness of immune checkpoint inhibitors (ICI) in colorectal cancer 

remains limited, largely because current biomarkers can identify only a small fraction of patients who will benefit. 

Since chemokine signaling plays a key role in guiding immune cell recruitment and shaping antitumor immunity, 

this study examined whether alterations in chemokine-related genes influence outcomes in colon adenocarcinoma 

(COAD) patients treated with ICIs.Clinical and genomic data from an ICI-treated COAD cohort were obtained 

from cBioPortal and integrated with datasets from The Cancer Genome Atlas (TCGA). These resources were used 

to characterize mutation patterns, immunogenic features, and tumor microenvironment (TME) differences 

associated with distinct chemokine mutation profiles. Cox regression analyses indicated that patients with a high 

chemokine-mutation burden experienced significantly better survival following ICI therapy. According to 

CIBERSORT results, this subgroup displayed greater infiltration of M1 macrophages, neutrophils, and activated 

natural killer (NK) cells. Measures of immunogenicity—including tumor mutation burden (TMB), neoantigen 

load (NAL), DNA damage repair (DDR) pathway mutations, and microsatellite instability–high (MSI-H)—were 

also elevated in the high-mutation group. Overall, our findings suggest that the mutational status of the chemokine 

signaling pathway is strongly associated with ICI treatment outcomes in COAD. Enhanced genomic instability 

and a more immune-active TME may underlie the improved prognosis observed in patients with a high 

chemokine-mutation load, offering a potential direction for refining immunotherapy selection in COAD. 
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Introduction 

Colorectal cancer is a major malignancy of the gastrointestinal tract arising in the colon or rectum. Globally, it 

ranked as the third most frequently diagnosed cancer in 2020, representing roughly 10% of all new cancer cases, 

and the second leading cause of cancer-related mortality (9.4%) [1]. Colon adenocarcinoma (COAD), accounting 

for nearly 95% of large intestinal malignancies, represents the predominant histological subtype [2]. 

Recent advances have brought immunotherapy—particularly immune checkpoint inhibitors (ICIs)—to the 

forefront of cancer treatment. Despite this progress, ICI-based therapy has not yet produced major breakthroughs 

in colorectal cancer. Currently, mismatch repair deficiency (dMMR) or microsatellite instability–high (MSI-H) 

status remains the most reliable biomarker for identifying COAD patients likely to benefit from ICIs, and 

responses in this subgroup are often remarkable. However, patients who are mismatch repair proficient (pMMR), 

microsatellite stable (MSS), or have microsatellite instability–low (MSI-L) disease typically lack predictive 

biomarkers and show limited clinical benefit [3]. Since only about 15% of colorectal cancers exhibit dMMR–

MSI-H status [3], the majority of patients remain without effective prognostic markers for ICI treatment. 
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Additional candidates such as tumor mutation burden (TMB) and POLE P286R mutations have been proposed as 

emerging biomarkers [4-6]. Nevertheless, each has limitations: studies of TMB have largely focused on 

dMMR/MSI-H cases [5, 6], and no clear immunological distinction between POLE-mutant and POLE–wild-type 

tumors has been demonstrated [4]. Consequently, identifying novel and dependable biomarkers to guide ICI 

application in COAD remains an urgent priority. 

Chemokines are small signaling proteins that orchestrate the migration and accumulation of immune cells, thereby 

shaping antitumor immunity. For example, CXCR5 drives B-cell activation [7], whereas CXCL9/10/11 promote 

the infiltration of NK cells and T lymphocytes into tumor sites [7]. Chemokines and their receptors have also been 

implicated in predicting responses to ICI therapy across cancer types. CXCR3, for instance, has been reported as 

a key indicator of response to anti-PD-1 treatment in melanoma [8], while elevated expression of CXCL9 and 

CXCL10 has been associated with improved outcomes in patients receiving anti-PD-1 or anti-CTLA-4 agents [9]. 

Despite these observations, the prognostic significance of mutations within the chemokine signaling pathway for 

patients undergoing ICI therapy remains poorly explored. 

To address this gap, we investigated whether mutational alterations in chemokine-related genes correlate with the 

therapeutic efficacy of ICIs in COAD. Using data from the TCGA and MSKCC cohorts, we assessed the 

prognostic value of high chemokine-pathway mutation status and employed bioinformatic analyses to identify 

potential mechanisms linking gene-level alterations to immune and microenvironmental changes. 

Materials and Methods  

ICI-treated cohort and TCGA-COAD cohort 

Clinical information and somatic mutation profiles—including survival outcomes under immunotherapy—were 

obtained for a COAD cohort from cBioPortal [10], hereafter referred to as the ICI-treated cohort. Additionally, 

clinical data and mutation files for COAD samples were retrieved from The Cancer Genome Atlas (TCGA) using 

the TCGAbiolinks R package [11], designated as the TCGA-COAD cohort. These datasets formed the basis of 

the primary analyses. 

To further validate our findings, we downloaded several additional datasets from cBioPortal, including non-

immunotherapy COAD and immunotherapy cohorts for esophageal carcinoma (ESCA), non–small cell lung 

cancer (NSCLC), and skin cutaneous melanoma (SKCM) [10, 12, 13]. 

 

Gene set enrichment analysis (GSEA) 

Raw count gene expression data for COAD were obtained through the TCGAbiolinks package in R. Differential 

expression between the high-mut and low-mut groups was assessed using the edgeR package [14]. Functional 

enrichment—including KEGG pathways, Reactome processes, and Gene Ontology (GO) categories—was 

performed with clusterProfiler [15], applying a significance threshold of p < 0.05. Gene sets used for GSEA were 

sourced from the MSigDB repository [16]. 

 

Tumor microenvironment (TME) analysis 

Expression matrices from TCGA-COAD were submitted to the CIBERSORT web platform to estimate the relative 

abundance of 22 immune cell populations within the tumor microenvironment [17]. Data on immune checkpoint 

genes and immune-related scores were retrieved from Thorsson et al. [18]. Microsatellite instability status was 

inferred using the MANTIS algorithm, which stratifies tumors into MSI-L and MSI-H groups [19]. Immune 

infiltration scores were calculated using the ESTIMATE method [20]. 

 

Connectivity map (CMap) analysis 

Differentially expressed genes between high-mut and low-mut groups in the TCGA dataset were transformed into 

GPL96 identifiers. The top 500 upregulated and downregulated genes were exported in GRP format and analyzed 

using the Connectivity Map (Build 02) to identify potential compounds associated with the observed gene 

expression signatures [21]. 

 

Statistical analysis 

Univariate and multivariate Cox proportional hazards models were applied to examine the impact of chemokine 

pathway mutations on survival outcomes in COAD patients receiving ICI therapy, yielding hazard ratios (HRs) 

and 95% confidence intervals (CIs). Differences in TMB and NAL between mutation groups were assessed using 
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the Mann–Whitney U test, whereas Fisher’s exact test was used to compare mutation frequencies among the top 

20 most frequently altered genes. Overall survival was evaluated using Kaplan–Meier curves, with significance 

determined by the log-rank test. A p-value < 0.05 was considered statistically significant. All analyses and 

visualizations were performed in R. 

Results and Discussion 

Chemokine pathway mutational load identifies COAD patients more likely to benefit from ICI therapy 

Patients in the ICI-treated cohort were classified into two groups according to the number of non-synonymous 

alterations detected in chemokine-related genes. When these groups were examined using a univariate Cox model, 

neither age category nor tumor sampling site showed a meaningful association with survival under 

immunotherapy. In contrast, patients with a higher burden of chemokine pathway mutations demonstrated a clear 

survival advantage (Figure 1b). 

After adjusting for other clinical variables, the multivariate Cox analysis confirmed that the high-mutation 

category independently predicted better outcomes following ICI therapy (Figure 1b). To explore this effect more 

directly, we compared overall survival across the 84 individuals included in the ICI-treated cohort. A pronounced 

separation of the survival curves was observed: individuals with high-mut status lived significantly longer than 

those with few or no chemokine pathway mutations (log-rank p = 0.01; HR = 0.41; 95% CI: 0.21–0.78) (Figure 

1d). 

However, when the same mutation-based grouping strategy was applied to the TCGA-COAD dataset—where 

patients had not been uniformly treated with ICIs—no prognostic differences emerged (Figures 1c and 1e). This 

contrast implies that chemokine pathway alterations do not intrinsically dictate tumor aggressiveness in COAD 

but appear to modulate how tumors respond immunologically when exposed to immune checkpoint blockade. 

 

 
a) 

 
b) 
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c) 

  
d) e) 

Figure 1. Predictive significance of clinical variables and chemokine pathway mutation status for ICI 

response. 

(a) Workflow summarizing dataset collection and analytical procedures. (b) Forest plots displaying univariate 

and multivariate Cox regression outcomes for the ICI-treated cohort [10], and (c) for the TCGA-COAD 

cohort. Hazard ratios (HRs) with their corresponding 95% confidence intervals (CIs) are shown; red markers 

denote predictors with p < 0.05. Values below 1 indicate factors associated with improved survival, whereas 

values above 1 signify detrimental effects. (d) Kaplan–Meier curves illustrating overall survival (OS) for the 

84 COAD patients who received ICI therapy. (e) Kaplan–Meier OS curves for 393 COAD cases from the 

TCGA dataset. 

 

Differences in gene mutation patterns and clinical features between high- and low-mutation groups 

To characterize genomic differences linked to chemokine pathway mutation burden, we compared somatic 

mutation profiles between high-mut and low-mut groups across both the ICI-treated and TCGA-COAD cohorts. 

The twenty most frequently altered genes in each dataset were visualized to reveal overall mutational landscapes 

(Figure 2). 

In the ICI-treated cohort, nearly all of the highly mutated genes—except for APC, TP53, and KRAS—showed 

markedly elevated mutation frequencies in the high-mut subgroup (Figure 2a). This included PIK3CA (0.54 vs. 

0.18, p < 0.05), KMT2D (0.51 vs. 0.16, p < 0.05), ARID1A (0.49 vs. 0.16, p < 0.05), PTPRS (0.54 vs. 0.06, p < 

0.05), and RNF43 (0.43 vs. 0.06, p < 0.05). 

A similar trend was observed in the TCGA-COAD dataset, where the high-mut group showed significantly 

increased mutation rates for most top-ranked genes aside from APC and TP53 (p < 0.05); (Figure 2b). Notable 

examples include TTN (0.72 vs. 0.39), KRAS (0.51 vs. 0.34), MUC16 (0.48 vs. 0.18), SYNE1 (0.41 vs. 0.22), 

and PIK3CA (0.47 vs. 0.16). Among all frequently altered genes, only KRAS and PIK3CA were proto-oncogenes.  

We next assessed whether chemokine pathway mutation burden was associated with specific clinical 

characteristics. In the ICI-treated cohort, the proportion of male patients was higher in the high-mut subgroup (p 

< 0.05); (Figure 3a), while sample type (primary vs. metastatic) did not differ significantly between groups (p > 

0.05); (Figure 3b). 

In contrast, gender did not differ between mutation groups within the TCGA-COAD cohort (p > 0.05), despite 

earlier analyses suggesting that sex may influence prognosis (Figure 1c). Instead, clinical stage and MSI category 

showed significant differences between high-mut and low-mut groups (p < 0.05), indicating that chemokine 

pathway mutation burden is not directly linked to patient sex but may associate with underlying tumor biology. 
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a) 

 
b) 

Figure 2. Genomic profiles of COAD patients in the ICI-treated cohort [10] (a) and the TCGA-COAD cohort 

(b). The 20 genes with the highest mutation frequencies and corresponding clinical information are shown in 

the figure. 

 

  

a) b) 
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c) 

Figure 3. (a) Sex distribution in the ICI-treated cohort. (b) Distribution of primary versus metastatic samples 

in the ICI-treated cohort. (c) Levels of immune checkpoint gene expression in TCGA-COAD tumors.  

 

Since immune checkpoint molecules are central targets of ICI therapy, we investigated whether their expression 

differed according to chemokine pathway mutation status. In the TCGA-COAD cohort, tumors harboring a high 

number of chemokine pathway mutations consistently showed elevated expression of multiple checkpoint genes 

compared with low-mut tumors (p < 0.05); (Figure 3c), suggesting a more immunologically active tumor 

environment in high-mut cases. 

 

High chemokine-pathway mutations may enhance tumor immunogenicity 

Genomic instability is a key factor influencing tumor responsiveness to ICIs, with DNA damage repair (DDR) 

pathways serving as crucial regulators of genomic integrity. To explore potential mechanisms underlying the 

improved ICI outcomes in high-mut patients, we examined DDR-related gene sets from MSigDB. Across both 

the ICI-treated and TCGA-COAD cohorts, tumors with a high burden of chemokine pathway mutations carried 

significantly more nonsynonymous DDR gene alterations than low-mut tumors (p < 0.05); (Figures 4a and 4b). 

We also evaluated other established markers of immunogenicity, including microsatellite instability (MSI), tumor 

mutation burden (TMB), and neoantigen load (NAL). In the ICI-treated cohort, high-mut tumors exhibited higher 

MSI scores relative to low-mut cases (p < 0.05); (Figure 4c). Similarly, in TCGA-COAD samples, MANTIS-

derived MSI estimates were elevated in high-mut tumors (p < 0.05); (Figure 4e). Tumor mutation burden was 

consistently greater in high-mut groups across both datasets (p < 0.05); (Figures 4d and 4g), and neoantigen load 

was also significantly increased in high-mut tumors within TCGA (p < 0.05); (Figure 4f). 

These findings indicate that tumors with elevated chemokine pathway mutational loads display heightened 

genomic instability and immunogenicity, which may underlie their superior responsiveness to immune checkpoint 

blockade. 

 

 
 

a) b) 
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c) d) e) 

  

f) g) 

Figure 4. (a) DDR pathway mutations in high- versus low-mut groups, ICI-treated cohort. (b) DDR 

alterations in TCGA-COAD. (c) MSI comparison, ICI-treated cohort. (d) TMB comparison, ICI-treated 

cohort. (e) MSI comparison, TCGA-COAD. (F) NAL comparison, TCGA-COAD. (g) TMB comparison, 

TCGA-COAD. 

 

High chemokine-pathway mutation burden is associated with an immune-active tumor microenvironment 

To uncover why patients with a high load of chemokine pathway mutations show better responses to immune 

checkpoint therapy, we investigated the tumor microenvironment (TME) as a potential contributing factor. Using 

the TCGA-COAD dataset, immune cell composition was estimated with CIBERSORT, and patterns were 

compared between high-mut and low-mut groups. 

Tumors with elevated chemokine pathway mutations were enriched for immune populations associated with 

antitumor activity, including M1 macrophages, activated NK cells, and neutrophils. Conversely, tumors with 

lower mutation burdens displayed higher levels of memory B cells, plasma cells, and naive CD4+ T cells. 

Correlation analysis revealed a positive association between mutation burden and the presence of M1 

macrophages (R = 0.19, p < 0.05) and activated NK cells (R = 0.18, p < 0.05). Memory B cells (R = -0.13, p < 

0.05), plasma cells (R = -0.14, p < 0.05), and naive CD4+ T cells (R = -0.11, p < 0.05) showed inverse relationships 

with mutation count. Neutrophils displayed a trend toward positive correlation without reaching statistical 

significance (R = 0.10, p = 0.052). 

Interactions among these key immune populations highlighted a coordinated network of pro- and anti-tumor 

immune cells within the TME. To further explore therapeutic implications, Connectivity Map (cMap) analyses 

were conducted to identify compounds potentially modulating chemokine pathway-related mutations in COAD. 

Moreover, several immune activity metrics—including IFN-γ signaling, overall immune infiltration, macrophage 

regulation, TH1/TH2 cell activity, and leukocyte fraction—were significantly elevated in high-mut tumors (p < 

0.05). 

These findings indicate that high chemokine-pathway mutation burden correlates with an inflamed, immune-

activated TME, which may underlie the observed sensitivity to immune checkpoint blockade in this patient subset. 
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a) 

 

 

b) 

 
c) d) 

 
e) 

Figure 5. (a) Proportions of 22 immune cell types in high-mut versus low-mut tumors as estimated by 

CIBERSORT in TCGA-COAD. (b) Correlation between the abundance of highly infiltrated immune cells 

and DDR mutation counts in high-mut tumors. (c) Correlation between the abundance of low-infiltrated 

immune cells and DDR mutation counts in high-mut tumors. (d) Comparative distribution of all 22 immune 

cell types. (e) Immune-related scores for high-mut versus low-mut tumors, including IFN-γ response, overall 

immune score, leukocyte fraction, macrophage regulation, TH1, and TH2 scores. 

 

Functional pathways underlying enhanced ICI responses in high-mut tumors 

To understand the molecular basis for the superior responses and prognosis observed in high-mut COAD patients 

treated with ICIs, we performed Gene Set Enrichment Analysis (GSEA) comparing high-mut and low-mut groups. 

High-mut tumors displayed strong enrichment for pathways associated with cytotoxic immune activity and tumor 

cell elimination. Key processes included leukocyte migration during inflammatory responses, activation of natural 

killer cells, and antigen processing and cross-presentation (Figure 6a). In addition, multiple cytokine-related 

pathways were prominently upregulated in high-mut tumors, reflecting a highly active immune milieu. These 

included signaling related to tumor necrosis factor, interferons, interleukins, colony-stimulating factors, and 
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chemokines, exemplified by positive regulation of interferon-alpha production, interleukin-2 biosynthesis, IL-2 

family signaling, IL-6 mediated pathways, and chemokine receptor–ligand interactions (Figure 6b). 

Signaling cascades central to adaptive and innate immunity were also elevated in high-mut tumors, including 

JAK-STAT, Toll-like receptor, B cell receptor, T cell receptor, and Fc-gamma receptor pathways (Figure 6c). By 

contrast, low-mut tumors were enriched for metabolic and immune-suppressive processes, such as fatty acid 

metabolism and regulation of fatty acid transport (Figure 6d), consistent with a microenvironment less conducive 

to immune-mediated tumor clearance. 

Collectively, these findings suggest that the high-mut status not only correlates with enhanced antitumor immune 

infiltration but also with activation of key immune signaling pathways, providing a mechanistic rationale for the 

improved clinical outcomes observed in this subset of ICI-treated patients. 

 

  
a) b) 

  
c) d) 

Figure 6. Biological processes differentially enriched between high-mut and low-mut tumors in the TCGA-

COAD cohort as identified by GSEA. Panels show differences in immune cell activity (a), cytokine-related 

signaling (b), canonical immune pathways (c), and exhaustion-associated mechanisms (d). 

 

Chemokine pathway mutations as context-dependent prognostic markers 

To evaluate whether chemokine pathway mutations have predictive value beyond ICI-treated COAD, we analyzed 

survival across additional COAD cohorts lacking immunotherapy, as well as other tumor types undergoing 

immune checkpoint therapy. Kaplan–Meier analyses revealed that in COAD patients not receiving 

immunotherapy, chemokine mutation status did not correlate with overall survival (Figure 7a). In contrast, high-

mut status effectively predicted improved outcomes in other malignancies treated with ICIs, including esophageal 

carcinoma, non-small cell lung cancer, and skin cutaneous melanoma (Figures 7b–7d). 
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These findings indicate that chemokine pathway mutations exert prognostic significance primarily in the context 

of immunotherapy. While their predictive value appears limited in untreated COAD, the consistent association 

with favorable outcomes across diverse ICI-treated tumors underscores a broader immunomodulatory role and 

highlights the potential for further mechanistic and translational investigations. 

 

  

a) b) 

  
c) d) 

Figure 7. (a) KM survival curves for OS in 495 COAD patients from the MSKCC-COAD cohort [13]. (b) 

KM survival curves for OS in 110 COAD patients from the ICI-SKCM cohort [13]. (c) KM survival curves 

for OS in 350 COAD patients from the ICI-NSCLC cohort [21]. (d) KM survival curves for OS in 126 

COAD patients from the ICI-ESCA cohort [10] 

 

This study highlights the potential of chemokine signaling pathway mutations as predictors of immunotherapy 

outcomes in colon adenocarcinoma. By integrating clinical outcomes and somatic mutation profiles from a COAD 

cohort receiving immune checkpoint inhibitors, we observed that patients with a higher load of chemokine 

pathway mutations experienced markedly improved overall survival compared with patients harboring fewer 

mutations. These findings suggest that mutation burden within this pathway reflects a tumor state more responsive 

to immune-mediated therapy. 

High-mut tumors also exhibited elevated levels of immune checkpoint gene expression. While these molecules 

are traditionally implicated in tumor immune evasion, their overexpression may paradoxically indicate an 

immune-activated microenvironment poised to respond to checkpoint blockade. This association implies that 

chemokine pathway mutations contribute to a more immunogenic tumor milieu, enhancing antitumor immunity 

and supporting patient responsiveness to ICIs. 

Taken together, these results propose that counting nonsynonymous chemokine pathway mutations could serve 

as a practical biomarker for identifying COAD patients likely to benefit from immunotherapy. Beyond 

prognostication, this insight provides a foundation for mechanistic studies exploring how chemokine signaling 
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influences tumor–immune interactions and may guide the design of personalized immunotherapy strategies in 

colorectal cancer. 

 

 
Figure 8. Proposed mechanism explaining the enhanced immunotherapy response and favorable prognosis in 

high-mut COAD tumors. 

 

Mechanistic insights into improved ICI response in high-mut tumors 

High immunogenicity appears to play a central role in enhancing the recognition of tumor cells by the immune 

system, thereby improving clinical outcomes for patients treated with immune checkpoint [22]. To investigate 

this, we compared indicators of immunogenic potential—including tumor mutation burden (TMB), neoantigen 

load (NAL), DNA damage repair (DDR) pathway mutations, and microsatellite instability (MSI)—between high-

mut and low-mut tumors. Across all measures, high-mut tumors displayed significantly elevated TMB, NAL, 

DDR mutation counts, and MSI scores. 

TMB has emerged as a robust biomarker for predicting ICI efficacy [23], with higher TMB generally correlating 

with an increased repertoire of tumor-specific neoantigens that facilitate immune recognition and improve 

therapeutic response [24-26]. DDR pathway defects can further increase TMB by compromising genomic 

stability, thereby enhancing tumor immunogenicity and responsiveness to immunotherapy [27]. Similarly, MSI-

high status has been consistently associated with better outcomes under ICI treatment, confirming its predictive 

relevance [28]. 

Beyond intrinsic immunogenicity, the composition of the tumor microenvironment (TME) is another critical 

determinant of immunotherapy outcomes. Using CIBERSORT to profile 22 immune cell populations, we 

observed that high-mut tumors were preferentially infiltrated by pro-inflammatory and cytotoxic immune cells, 

including M1 macrophages, activated NK cells, and neutrophils. Notably, the abundance of these effector cells 

correlated positively with the number of chemokine pathway mutations. M1 macrophages produce inflammatory 

cytokines such as IL-6, IL-12, and TNF-α, which are pivotal for antitumor immunity [29]. NK cells exert direct 

cytotoxic effects, and their activity has been linked to the efficacy of anti-PD-1/PD-L1 therapy [30]. While 

neutrophils can have dual roles in cancer, in colorectal cancer they predominantly contribute to antitumor activity 

[31]. 

Supporting these observations, GSEA revealed that immune-mediated cytotoxicity pathways were markedly 

upregulated in high-mut tumors. Key immune signaling cascades—including JAK-STAT, Toll-like receptor, and 

Fc-γ receptor pathways—were also enriched, providing mechanistic insight into immune cell activation. JAK-

STAT signaling is known to promote M1 macrophage differentiation and enhance NK cell function [32, 33], Toll-

like receptors contribute to early immune responses and macrophage polarization [34], and Fc-γ receptor 

https://www.frontiersin.org/files/Articles/721181/fphar-12-721181-HTML/image_m/fphar-12-721181-g008.jpg
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activation drives cytotoxic activity across NK cells, macrophages, and other immune effectors [35]. Collectively, 

these findings suggest that chemokine pathway mutations facilitate both a highly immunogenic tumor state and a 

pro-inflammatory, cytotoxic TME, providing a biological explanation for the superior responses observed in high-

mut COAD patients receiving ICIs. 

 

Cytokine signaling and immunotherapy response 

Cytokines play a central role in orchestrating the antitumor immune response, and the pronounced activation of 

cytokine-related pathways in high-mut tumors likely contributes to their enhanced sensitivity to immune 

checkpoint inhibitors. Previous research has demonstrated that the IL-12–IFN-γ axis potentiates anti-PD-1 

responses, while activation of noncanonical NF-κB signaling can further stimulate IL-12 production [36]. 

Consistent with these findings, our GSEA results highlighted enrichment in pathways associated with leukocyte 

activation during inflammatory responses, NK cell-mediated immunity, IFN-γ and IL-12 production, and NF-κB 

signaling. Additionally, pathways controlling granulocyte-macrophage colony-stimulating factor (GM-CSF) 

production and chemokine receptor-ligand interactions were upregulated, suggesting a role for these factors in 

promoting immune cell proliferation and activity within high-mut tumors [37-40]. Conversely, pathways related 

to fatty acid metabolism and transport, which have been linked to immune exhaustion and metastatic progression, 

were downregulated in the high-mut group [41, 42], further supporting a favorable immune landscape. 

 

Study limitations 

This study has several limitations. First, only a single COAD cohort treated with ICIs was available, reflecting 

the scarcity of publicly available immunotherapy datasets for colorectal cancer. Nevertheless, similar trends were 

observed in other tumor types treated with ICIs (Figures 7b–7d), suggesting that the observed associations are 

not incidental. Future studies should include additional COAD cohorts to validate and extend these findings. 

Second, we did not perform integrated survival analyses combining chemokine mutation status with TMB or MSI 

due to insufficient subgroup sizes, although multivariate Cox regression demonstrated that chemokine mutations 

are an independent prognostic factor (Figure 1b). Larger datasets will allow these combined analyses in the future. 

Finally, the diversity of mutation sites within chemokine signaling pathways complicates mechanistic 

interpretation. While we compared mutated versus wild-type tumors and integrated GSEA results with prior 

experimental evidence, the precise molecular mechanisms by which chemokine pathway mutations influence the 

TME remain to be elucidated and warrant further investigation. 

Conclusion 

Our study identifies chemokine pathway mutation status as a robust predictor of immunotherapy response in 

COAD. Patients with high-mut tumors exhibited significantly longer overall survival compared with low-mut 

counterparts. Elevated TMB, NAL, DDR pathway mutations, and a pro-inflammatory, cytotoxic tumor 

microenvironment likely underlie this improved prognosis. These findings position chemokine pathway mutations 

as a promising biomarker for patient stratification in ICI therapy and provide a foundation for future research 

aimed at optimizing personalized immunotherapy strategies for colorectal cancer. 

Acknowledgments: Special thanks to the English language polishing contributions from TopScience Editing. 

Conflict of Interest: None 

Financial Support: None 

Ethics Statement: None 

References 

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global cancer statistics 2020: 

GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J 

Clin. 2021;71(3):209-49. doi:10.3322/caac.21660 



Verma et al., Prognostic Implications of Chemokine Signaling Pathway Mutations for Immune Checkpoint Inhibitor 

Therapy in Colon Adenocarcinoma 

 

 

218 

2. Fleming M, Ravula S, Tatishchev SF, Wang HL. Colorectal carcinoma: pathologic aspects. J Gastrointest 

Oncol. 2012;3(3):153-73. doi:10.3978/j.issn.2078-6891.2012.030 

3. Ganesh K, Stadler ZK, Cercek A, Mendelsohn RB, Shia J, Segal NH, et al. Immunotherapy in colorectal 

cancer: rationale, challenges and potential. Nat Rev Gastroenterol Hepatol. 2019;16(6):361-75. 

doi:10.1038/s41575-019-0126-x 

4. Ahn SM, Ansari AA, Kim J, Kim D, Chun SM, Kim J, et al. The somatic POLE P286R mutation defines a 

unique subclass of colorectal cancer featuring hypermutation, representing a potential genomic biomarker 

for immunotherapy. Oncotarget. 2016;7(42):68638-49. doi:10.18632/oncotarget.11862 

5. Schrock AB, Ouyang C, Sandhu J, Sokol E, Jin D, Ross JS, et al. Tumor mutational burden is predictive of 

response to immune checkpoint inhibitors in MSI-high metastatic colorectal cancer. Ann Oncol. 

2019;30(7):1096-103. doi:10.1093/annonc/mdz134 

6. Loupakis F, Depetris I, Biason P, Intini R, Prete AA, Leone F, et al. Prediction of benefit from checkpoint 

inhibitors in mismatch repair–deficient metastatic colorectal cancer: role of tumor-infiltrating lymphocytes. 

Oncologist. 2020;25(6):481-7. doi:10.1634/theoncologist.2019-0611 

7. Letourneur D, Danlos FX, Marabelle A. Chemokine biology on immune checkpoint-targeted therapies. Eur 

J Cancer. 2020;137:260-71. doi:10.1016/j.ejca.2020.06.009 

8. Chow MT, Ozga AJ, Servis RL, Frederick DT, Lo JA, Fisher DE, et al. Intratumoral activity of the CXCR3 

chemokine system is required for the efficacy of anti–PD-1 therapy. Immunity. 2019;50(6):1498-508.e5. 

doi:10.1016/j.immuni.2019.04.010 

9. House IG, Savas P, Lai J, Chen AXY, Oliver AJ, Teo ZL, et al. Macrophage-derived CXCL9 and CXCL10 

are required for antitumor immune responses following immune checkpoint blockade. Clin Cancer Res. 

2020;26(2):487-504. doi:10.1158/1078-0432.CCR-19-1868 

10. Samstein RM, Lee CH, Shoushtari AN, Hellmann MD, Shen R, Janjigian YY, et al. Tumor mutational load 

predicts survival after immunotherapy across multiple cancer types. Nat Genet. 2019;51(2):202-6. 

doi:10.1038/s41588-018-0312-8 

11. Colaprico A, Silva TC, Olsen C, Garofano L, Cava C, Garolini D, et al. TCGAbiolinks: an R/Bioconductor 

package for integrative analysis of TCGA data. Nucleic Acids Res. 2016;44(8):e71. 

doi:10.1093/nar/gkv1507 

12. Van Allen EM, Miao D, Schilling B, Shukla SA, Blank C, Zimmer L, et al. Erratum for the report “Genomic 

correlates of response to CTLA-4 blockade in metastatic melanoma.” Science. 2015;350(6260):aad8366. 

doi:10.1126/science.aad8366 

13. Zehir A, Benayed R, Shah RH, Syed A, Middha S, Kim HR, et al. Mutational landscape of metastatic cancer 

revealed from prospective clinical sequencing of 10,000 patients. Nat Med. 2017;23(6):703-13. 

doi:10.1038/nm.4333 

14. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential expression analysis 

of digital gene expression data. Bioinformatics. 2010;26(1):139-40. doi:10.1093/bioinformatics/btp616 

15. Yu G, Wang LG, Han Y, He QY. clusterProfiler: an R package for comparing biological themes among gene 

clusters. OMICS. 2012;16(5):284-7. doi:10.1089/omi.2011.0118 

16. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set enrichment 

analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci 

U S A. 2005;102(43):15545-50. doi:10.1073/pnas.0506580102 

17. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust enumeration of cell subsets 

from tissue expression profiles. Nat Methods. 2015;12(5):453-7. doi:10.1038/nmeth.3337 

18. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang TH, et al. The immune landscape of 

cancer. Immunity. 2018;48(4):812-30.e14. doi:10.1016/j.immuni.2018.03.023 

19. Bonneville R, Krook MA, Kautto EA, Miya J, Wing MR, Chen HZ, et al. Landscape of microsatellite 

instability across 39 cancer types. JCO Precis Oncol. 2017;1:PO.17.00073. doi:10.1200/PO.17.00073 

20. Yoshihara K, Shahmoradgoli M, Martínez E, Vegesna R, Kim H, Torres-Garcia W, et al. Inferring tumour 

purity and stromal and immune cell admixture from expression data. Nat Commun. 2013;4:2612. 

doi:10.1038/ncomms3612 

21. Lamb J, Crawford ED, Peck D, Modell JW, Blat IC, Wrobel MJ, et al. The Connectivity Map: using gene-

expression signatures to connect small molecules, genes, and disease. Science. 2006;313(5795):1929-35. 

doi:10.1126/science.1132939 



Verma et al., Prognostic Implications of Chemokine Signaling Pathway Mutations for Immune Checkpoint Inhibitor 

Therapy in Colon Adenocarcinoma 

 

 

219 

22. Wang S, He Z, Wang X, Li H, Liu XS. Antigen presentation and tumor immunogenicity in cancer 

immunotherapy response prediction. eLife. 2019;8:e49020. doi:10.7554/eLife.49020 

23. Choucair K, Morand S, Stanbery L, Edelman G, Dworkin L, Nemunaitis J. TMB: a promising immune-

response biomarker, and potential spearhead in advancing targeted therapy trials. Cancer Gene Ther. 

2020;27(11):841-53. doi:10.1038/s41417-020-0174-y 

24. Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring AD, et al. PD-1 blockade in tumors with 

mismatch-repair deficiency. N Engl J Med. 2015;372(26):2509-20. doi:10.1056/NEJMoa1500596 

25. Le DT, Durham JN, Smith KN, Wang H, Bartlett BR, Aulakh LK, et al. Mismatch repair deficiency predicts 

response of solid tumors to PD-1 blockade. Science. 2017;357(6349):409-13. doi:10.1126/science.aan6733 

26. Schumacher TN, Schreiber RD. Neoantigens in cancer immunotherapy. Science. 2015;348(6230):69-74. 

doi:10.1126/science.aaa4971 

27. Ricciuti B, Recondo G, Spurr LF, Li YY, Lamberti G, Venkatraman D, et al. Impact of DNA damage 

response and repair gene mutations on efficacy of PD-(L)1 immune checkpoint inhibition in non-small cell 

lung cancer. Clin Cancer Res. 2020;26(16):4135-42. doi:10.1158/1078-0432.CCR-19-3529 

28. Luo C, Wang X, Zheng Y, Li H, Liu X. Microsatellite instability and survival in colorectal cancer. Front 

Oncol. 2020;10:15236. doi:10.3389/fonc.2020.015236 

29. Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili SA, Mardani F, et al. 

Macrophage plasticity, polarization, and function in health and disease. J Cell Physiol. 2018;233(8):6425-

40. doi:10.1002/jcp.26429 

30. Hsu J, Hodgins JJ, Marathe M, Nicolai CJ, Bourgeois-Daigneault MC, Trevino TN, et al. Contribution of 

NK cells to immunotherapy mediated by PD-1/PD-L1 blockade. J Clin Invest. 2018;128(10):4654-68. 

doi:10.1172/JCI99317 

31. Berry RS, Xiong MJ, Greenbaum A, Mortaji P, Nofchissey RA, Schultz F, et al. High levels of tumor-

associated neutrophils are associated with improved overall survival in patients with stage II colorectal 

cancer. PLoS One. 2017;12(11):e0188799. doi:10.1371/journal.pone.0188799 

32. Lawrence T, Natoli G. Transcriptional regulation of macrophage polarization: enabling diversity with 

identity. Nat Rev Immunol. 2011;11(11):750-61. doi:10.1038/nri3088 

33. Gotthardt D, Sexl V. STATs in NK-cells: the good, the bad, and the ugly. Front Immunol. 2016;7:694. 

doi:10.3389/fimmu.2016.00694 

34. Zeng Q, Jewell CM. Directing toll-like receptor signaling in macrophages to enhance tumor immunotherapy. 

Curr Opin Biotechnol. 2019;60:138-45. doi:10.1016/j.copbio.2019.01.010 

35. Masuda A, Yoshida M, Shiomi H, Morita Y, Kutsumi H, Inokuchi H, et al. Role of Fc receptors as a 

therapeutic target. Inflamm Allergy Drug Targets. 2009;8(2):80-6. doi:10.2174/187152809787582525 

36. Garris CS, Arlauckas SP, Kohler RH, Trefny MP, Garren S, Piot C, et al. Successful anti-PD-1 cancer 

immunotherapy requires T cell–dendritic cell crosstalk involving the cytokines IFN-γ and IL-12. Immunity. 

2018;49(6):1148-62.e7. doi:10.1016/j.immuni.2018.09.024 

37. Mellstedt H, Fagerberg J, Frödin JE, Henriksson L, Hjelm-Skoog AL, Liljefors M, et al. Augmentation of 

the immune response with granulocyte-macrophage colony-stimulating factor and other hematopoietic 

growth factors. Curr Opin Hematol. 1999;6(3):169-75. doi:10.1097/00062752-199905000-00008 

38. Griffith JW, Sokol CL, Luster AD. Chemokines and chemokine receptors: positioning cells for host defense 

and immunity. Annu Rev Immunol. 2014;32:659-702. doi:10.1146/annurev-immunol-032713-120145 

39. Sokol CL, Luster AD. The chemokine system in innate immunity. Cold Spring Harb Perspect Biol. 

2015;7(2):a016303. doi:10.1101/cshperspect.a016303 

40. Ushach I, Zlotnik A. Biological role of granulocyte macrophage colony-stimulating factor and macrophage 

colony-stimulating factor on cells of the myeloid lineage. J Leukoc Biol. 2016;100(3):481-9. 

doi:10.1189/jlb.3RU0316-144R 

41. Kim YS, Jung J, Jeong H, Lee JH, Oh HE, Lee ES, et al. High membranous expression of fatty acid transport 

protein 4 is associated with tumorigenesis and tumor progression in clear cell renal cell carcinoma. Dis 

Markers. 2019;2019:5702026. doi:10.1155/2019/5702026 

42. Zhao G, Cardenas H, Matei D. Ovarian cancer—why lipids matter. Cancers (Basel). 2019;11(12):1870. 

doi:10.3390/cancers11121870 


