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Background: Circulating proteins secreted by tumors are an important source of cancer biomarkers. This study aims to investigate the
changes in the content of tumor immune-related circulating proteins in peripheral blood from patients with colorectal cancer (CRC).
Methods: Olink’s proximity extension assay was used to detect the levels of 92 tumor immune-related circulating proteins in
peripheral blood from CRC patients. An enzyme-linked immunosorbent assay was performed to detect the levels of six proteins.
Elastic network regression was used to establish the model, and the performance of the model was verified by multiple iterations of
cross-validation.

Results: The best serum protein signature that was composed of six proteins (IL7, CXCL12, IL10, IL15, CXCL1, and MCP-3)
was selected. The area under the curve value of this signature was 0.9924 in the training set and 0.8992 in the total set. IL7 and
IL15 levels were significantly higher in the >4 cm tumor volume group than in the <4 cm tumor volume group (P = 0.0113 and
P =0.004, respectively). MCP-3 levels were significantly higher in the distant metastasis group than in the non-distant metastasis
group (P =0.0465). There was a significant difference in MCP-3 levels among different tumor, node, metastasis stages (P =
0.0496). CXCLI1 levels were positively correlated with the absolute count of basophils (R = 0.3220, P = 0.0273), and IL10 levels
were positively correlated with the absolute count of neutrophils (R = 0.38737, P = 0.0078). CXCL1, IL7, and IL15 were
independent prognostic factors of CRC (hazard ratio [HR] = 0.62, P = 0.006; HR = 0.57, P = 0.006; and HR = 0.64, P = 0.011,
respectively).

Conclusion: The best serum protein signature model (IL7, CXCL12, IL10, IL15, CXCL1, and MCP-3) was able to distinguish CRC
patients from healthy controls. These proteins were also involved in the occurrence and development of CRC.

Keywords: immunology-oncology, colorectal cancer, circulating protein

Introduction

The incidence and mortality of colorectal cancer (CRC) in China are increasing. According to the China Cancer Statistics
Report, the incidence and mortality of CRC in China ranked second and fifth among all malignant tumors, respectively,
with 555,000 new cases and 286,000 deaths in 2020." The incidence of colorectal cancer is much higher in urban areas
than in rural areas, and its incidence has increased significantly. Most patients are in the middle and advanced stages
when diagnosed. Survival in CRC can be improved by its early detection or use of targeted anticancer therapy.” There is
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an urgent need to explore non-invasive biomarkers for the early diagnosis and identification of new therapeutic targets
for CRC.

Circulating proteins, blood components, and proteins secreted by tumors are an important source of cancer
biomarkers.* Changes in plasma protein levels can be used to track disease progression.’ Circulating proteins enable
cancer cells to acquire a variety of abilities to promote angiogenesis and metastasis, such as manipulating immune
responses, stimulating growth, or inducing angiogenesis and invasion.® Proteins from tumors or circulating proteins
produced by the immune system in response to cancer play an important role in the development and progression of
cancer.” Circulating proteins can serve as major biological vectors for tumor metastasis.® Cancer-secreted proteins, eg,
enzymes, cytokines, and growth factors, are involved in various biological and physiological processes, such as immune
responses and cell-cell communication.

Cancer-secreted proteins are also potential biomarkers.” For example, tumor-associated macrophages and neutrophils
promote angiogenesis by secreting various chemokines and pro-angiogenic factors, including CXCR2, CXCR4,
CXCR12, CXCL3, CXCR8, CXCR9, CXCR10, CCL2-5, VEGF, TNFa, and IL8."" The serum levels of GREM1 and
CHRDL?2 are increased in CRC patients and are associated with an increased risk of CRC. GREM1 and CHRDL?2 are
expressed mainly by stem cells, epithelial cells, and monocytes in colon tumor tissues. GREM1, CHRDL2, MMP2, and
TIMP2 are involved in osteoclast differentiation and CRC development. POLR2F, CSF2RA, CD86, and MMP2 have
been used to develop drugs for autoimmune diseases and other cancers and have the potential to be re-explored as
therapeutic targets for CRC."'

The proximity extension assay (PEA)-based immuno-oncology panel covers 92 proteins that promote or inhibit tumor
immunity, chemotaxis, and vascular and tissue remodeling, and also participate in cell apoptosis, cell damage, cell
metabolism, and cell autophagy.'? In this study, we used the PEA to detect differences in immuno-oncology-related
plasma proteins circulating in the peripheral blood of CRC patients, and to provide clues for exploring potential plasma
protein biomarkers for the early diagnosis of CRC. It might also provide a theoretical basis for revealing the character-
istics of the peripheral blood immune environment during the occurrence and development of CRC.

Materials and Methods

Patient Inclusion and Exclusion Criteria

The inclusion criteria for patients with CRC were as follows: preoperative pathological biopsy, postoperative frozen
pathology, and immunohistochemistry were all diagnosed as primary colorectal malignant tumor after initially being
diagnosed as malignant tumor; no previous history of other malignant tumors; no other systemic diseases except
hypertension and diabetes mellitus; and no relevant anti-tumor therapy, such as chemotherapy, radiotherapy, or targeted
therapy, was received before surgery.'® The exclusion criteria were as follows: the presence of primarymalignant tumors
at other sites or of other types, the existenceof comorbid organ dysfunctions, a history of receiving anti-malignant tumor
therapy prior to surgery, and either thepresence of mental illness or an unwillingness to cooperate.

Clinical Samples

Peripheral blood samples were collected from CRC patients at the Affiliated Panyu Central Hospital of Guangzhou
Medical University from January 2020 to December 2022 following a pathological diagnosis of CRC. Peripheral blood
samples were collected from healthy controls. The acquisition of specimens was approved by the Ethics Committee of
The Affiliated Panyu Central Hospital of Guangzhou Medical University (ethics approval number: PYRC-2023-048), and
informed consent was obtained before the start of the study. The clinical information of the patients and healthy controls
is shown in Supplementary Table 1-2.

PEA

The levels of 92 proteins were measured using an Olink PEA immuno-oncology panel (Supplementary Table 3). The

technique is based on the conjugation of a pair of oligonucleotide tags to an antibody against the antigen to be tested.
When an antibody binds to a protein, the pair of oligonucleotide markers are located close to each other and form
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a double chain structure that can be extended by DNA polymerase and hybrid extension after DNA barcoding with
microfluidic real-time PCR (Biomark HD, Fluidigm) detection and quantitation. Internal and external quality controls
were used for data normalization and quality control. The final results are expressed as the normalized protein expression
(NPX) value, which is a Log2 scale unit created by Olink to represent protein expression levels. The PEA technology
used in Olink Target 96 incorporates four internal quality control parameters for quality control and data normalization,
including two incubation controls for antibody binding. An extension control was used to monitor the elongation
reaction, and a detection control, consisting of a piece of synthetic double-stranded DNA, was used to monitor and
evaluate potential problems in the final amplification and detection steps. The median difference between the expression
of incubation control 2 and detection control in each sample and that of the internal quality control in all samples should
not exceed an NPX of 0.3. An external quality control including a sample control was used to evaluate the internal and
external accuracy of each protein. Negative controls were used to detect the background noise level of each protein and
calculate the limit of detection corresponding to each protein. An inter-plate control or plate control was used to
standardize the original Ct value of the lower machine. The final NPX value was obtained by removing the differences
in the data, which can also reduce the batch effect between plates. NPX was calculated based on qPCR Ct values, and
data were normalized to minimize intra- and inter-assay variability. NPX data allow users to identify changes in the
levels of individual proteins in their sample sets, which can then be used to build protein signatures. The specific
normalization of NPX, that is, the calculation steps, can be summarized as follows: extension control: CtAnalyte -
CtExtension control = dCtAnalyte; inter-plate control: dCtAnalyte-dCtlnter - plate control = ddCtAnalyte; adjustment
against a correction factor: correction factor- ddCtAnalyte = NPXAnalyte.

Acquisition of Expression Data

The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov) was used to download and organize TCGA-
COAD and TCGA-READ RNA-seq project data. The data consisted of 698 samples, of which 51 were paracancerous, and
695 samples contained clinical information. According to the data format characteristics, appropriate statistical methods were

selected for analysis (stats package and car package). GGplot2 was used to visualize the data.

Enzyme-Linked Immunosorbent Assay (ELISA)
IL7, CXCL12, IL10, IL15, CXCL1, and MCP-3 levels were assessed using an ELISA kit (Elabscience Company).

Statistical Analysis

The receiver operating characteristic (ROC) index was used to evaluate the performance of the model. The Cox
proportional hazard model was used to screen characteristics, and elastic network regression was utilized to establish
the model. The performance of the model was verified by multiple iterations of cross-validation. Pearson correlation
analysis was used to analyze the correlation between the content of tumor immune-related circulating proteins and the
absolute count of immune cells. The Mann—Whitney U-test (Wilcoxon rank sum test) was used for matching sample

systems; matching carcinoma and carcinoma samples was generally performed using a paired sample -test.

Results

Quality Control of Sample Data

We collected peripheral blood samples from 51 patients with CRC and 47 healthy controls. The interquartile range and median
distribution of the sample data are presented in the form of a dot plot, and colored by whether the quality control was passed or
not. The results showed that only three samples were not suitable, while the rest of the samples passed quality control
(Supplementary Figure 1). There was a positive correlation between all tested samples (Supplementary Figure 2).
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Screening of Differential Tumor Immune-Related Circulating Proteins in Peripheral
Blood from CRC Patients

A total of 49 differentially expressed proteins were screened in this study, consisting of 7 upregulated proteins and 42
downregulated proteins (Figure 1). Gene Ontology (GO) analysis showed that the upregulated genes were enriched in
cytoplasmic calcium ion transport and calcium ion membrane transport signaling pathways, while the downregulated
genes were enriched mainly in the positive regulation of cell adhesion and lymphocyte proliferation signaling pathways.
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis showed that the upregulated genes were
enriched mainly in the cytokine—cytokine receptor, Toll-like receptor signaling pathway interaction, and other signaling
pathways, and the downregulated genes were enriched mainly in the PI3K-AKT, JAK-STAT, and other signaling
pathways (Figure 2).

Predicting the Best Signature Model

To establish a signature model, cross-validation is used for multiple iterations, and a relatively random model is obtained by
continuously randomly selecting subsets of the dataset. In the cross-validation method, the model with the highest
frequency is considered to have the highest accuracy. At the same time, the elastic network regression method contains
some characteristics of lasso regression, so the genes are selected for feature screening in each iteration. After a large
number of iterations, the genes with the highest frequency retained by the model represent the most suitable feature
selection scheme. According to the above method, a signature composed of six proteins (IL7, CXCL12, IL10, IL15,
CXCLI1, and MCP-3) was selected as the best signature model. By using the training dataset, testing dataset, and total
dataset, we focused on the performance of the evaluation model with ROC curve drawing and area under the curve (AUC)
performance assessment. The results showed that the AUC value of this signature model was as high as 0.9924 in the
training set and 0.8992 in the total set, with high sensitivity and specificity (Figure 3). The AUCs of IL7, CXCL12, IL10,
IL15, and CXCL1 were better than those of CEA and CA-19-9 (Supplementary Table 4). The results showed that the
signature model composed of six proteins could clearly distinguish the CRC group from the healthy control group.
Therefore, IL7, CXCL12, IL10, IL15, CXCL1, and MCP-3 are potential biomarkers for the differential diagnosis of CRC.

Relationship Between IL7, CXCLI2, ILIO, ILI5, CXCLI, and MCP-3 Levels and the

Absolute Count of Immune Cells and Clinicopathological Features of CRC

We used ELISA to verify the relative levels of IL7, CXCL12, IL10, IL15, CXCL1, and MCP-3 in the CRC and healthy
control groups. The results showed that IL7, CXCL12, IL10, and CXCLI1 levels were higher in the CRC group than in the
control group, while IL15 levels were lower in the CRC group than in the control group (Supplementary Figure 3). The

absolute counts of peripheral blood immune cells (lymphocytes, monocytes, neutrophils, eosinophils, and basophils) in
CRC patients were detected by electrical impedance analysis. The results showed that the absolute number of lymphocytes
was lower in the CRC group than in the control group, while the absolute number of monocytes was significantly higher in
CRC patients than in healthy controls (Figure 4). CXCL1 levels were positively correlated with the absolute number of
basophils, and IL10 levels were positively correlated with the absolute number of neutrophils (Figure 5).

The relationship between IL7, CXCL12, IL10, IL15, CXCL1, and MCP-3 levels and the clinicopathological features
of CRC was further analyzed. The results showed that IL7 and IL15 levels were significantly higher in the >4 cm tumor
volume group than in the <4 cm tumor volume group, and MCP-3 levels were significantly higher in the distant
metastasis group than in the non-distant metastasis group. MCP-3 levels were significantly different among the tumor,
node, metastasis (TNM) stages of CRC (Supplementary Tables 5-10). These results showed that IL7, CXCL12, IL10,
IL15, CXCL1, and MCP-3 were involved in the occurrence and development of CRC.

IL7, CXCLI2, ILIO, ILI5, CXCLI, and MCP-3 Expression in CRC Tissues

By using the database of TCGA, we analyzed the expression levels of IL7, CXCL12, IL10, IL15, CXCL1, and MCP-3
(CCL7) and their relationship with prognosis using samples from 698 CRC patients (including 51 paracancerous samples).
The results showed that CXCL1 expression was significantly higher in CRC tissue than in paracancerous samples. CXCL12,
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Figure | Differences in colorectal cancer (CRC) patients with peripheral blood tumor immune-related circulating protein screening. (A) Boxplot of the NPX values of the
screened proteins. (B) Heat map of differentially expressed proteins. (C) Volcano map of differentially expressed proteins. Red indicates proteins with higher expression in
healthy controls than in CRC patients, and blue indicates proteins with lower expression in healthy controls than in CRC patients.
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Figure 2 Differences in protein/encoding gene enrichment analysis. (A) Analyze the differences in protein concentrations and display the differences in protein/encoding
gene enrichment analysis through a bubble chart: (a) GO enrich for up regulated genes; (b) KEGG enrich for up regulated genes; (c) GO enrich for down regulated genes; (d)
KEGG enrich for down regulated genes. (B) Network diagrams in enrichment analysis displaying the connections between the key genes and enriched pathways in the form
of a network. The dots in the figure show the enriched pathways or genes, all with their respective identifiers. The size of the dots represents the number of differentially
expressed genes enriched under this pathway term, and the larger the dot, the more differentially expressed genes in this pathway: (a) GO enrich for up regulated genes; (b)
KEGG enrich for up regulated genes; (c) GO enrich for down regulated genes; (d) KEGG enrich for down regulated genes.

IL10, and IL15 expression was reduced in CRC tissue compared with tumor-adjacent tissues (Figure 6). Survival prognosis
analysis showed that high IL7, CXCL1, and IL15 expression was positively correlated with the prognosis of CRC patients,
while CXCL12, IL10, and MCP-3 expression was not significantly correlated with prognosis (Figure 7A-F). TCGA database
analysis validated the diagnostic performance of the six protein combination in CRC. The ROC curve showed an AUC value
of 0.996, which was extremely close to the AUC value of this combination as a signature model, suggesting the higher
predictive accuracy of this model (Figure 7G). The above results show that the CXCL12, IL10, and IL15 are involved in the
development of CRC, while the expression of IL7, CXCL1, and IL15 is closely related to the prognosis of patients with CRC.
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Figure 6 IL7, CXCLI2, IL10, ILI5, CXCLI, and MCP-3 expression levels in CRC and paracancerous tissues. (A) CXCLI expression in CRC and paracancerous tissues. (B)
CXCLI2 expression in CRC and paracancerous tissues. (C) MCP-3 (CCL7) expression in CRC and paracancerous tissues. (D) IL7 expression in CRC and paracancerous
tissues. (E) IL10 expression in CRC and paracancerous tissues. (F) IL15 expression in CRC and paracancerous tissues.***P<0.05.

Discussion

Recent studies have found that average age of patients with CRC in China is declining. Previously, CRC was diagnosed
mainly in individuals aged over 50 years, but now CRC is being diagnosed in an increasing number of young people
between 30 and 40 years of age. Early CRC usually has no obvious symptoms, while the appearance of symptoms often
indicates that the cancer has progressed to a later stage and may have spread to nearby lymph nodes or organs, causing
some physical effects.'* Therefore, the early screening and diagnosis of CRC are particularly important to improve the
effect of treatment, reduce mortality, and improve the national health level.

The occurrence and development of CRC are a complex process, involving different molecular changes and
regulation. Therefore, the use of omics analysis can more comprehensively reveal the pathogenesis of CRC and improve
the accuracy and sensitivity of early diagnosis. Compared with other omics technologies, proteomics analysis of the
blood circulation is the most clinically informative.'> The circulatory system contains a large number of proteins and
inflammatory factors released from tissues and organs.'® These proteins are significantly different between cancer
patients and healthy individuals. Some proteins play a variety of roles in promoting tumor cell proliferation, invasion,
metastasis, and regulating the tumor microenvironment, so they can be used as diagnostic biomarkers for CRC."”

In the present study, PEA based on an immuno-oncology panel was used to screen 49 differentially expressed proteins
in the peripheral blood of CRC patients, consisting of 7 upregulated proteins and 42 downregulated proteins. Six proteins
(IL7, CXCL12, IL10, IL15, CXCL1, and MCP-3) were selected as the best signature. The AUCs of IL7, CXCL12, IL10,
IL15, and CXCL1 were better than those of CEA and CA-19-9. These results showed that circulating IL7, CXCL12,
IL10, IL15, CXCL1, and MCP-3 proteins have potential value in the early diagnosis of CRC.
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Figure 7 Association of IL7, CXCLI2, IL10, ILI5, CXCLI, and MCP-3 expression with the prognosis of CRC patients. (A) Relationship between CXCLI expression and the
prognosis of CRC patients. (B) Relationship between CXCLI2 expression and the prognosis of CRC patients. (C) Relationship between IL7 expression and the prognosis of
CRC patients. (D) Relationship between IL10 expression and the prognosis of CRC patients. (E) Relationship between IL15 expression and the prognosis of CRC patients.
(F) Relationship between MCP-3 (CCL7) expression and the prognosis of CRC patients. (G) TCGA database analysis validates the diagnostic performance of the six protein
panel for CRC.
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Patients with advanced CRC (stage III + IV) had increased concentrations of monocyte/macrophage chemoat-
traction-related proteins (CCL7, CCL8, CCL15, CCL2, and MIF), M2 polarization-related factors (IL1B and IL4),
neutrophil chemoattraction-related proteins and N2 polarization-related cytokines (CXCL2, CXCLS5, CXCL6, and
IL8), dendritic cell chemoattraction-related proteins (CCL19, CCL20, and CCL21), and natural killer cell-related
cytokines (CXCL9 and CXCLI10). The concentrations of cell-associated cytokines (CCL1, CCL11, CCL26,
CXCL12, IL2, CCL25, and CCL27) were increased, whereas the concentrations of IFN-y and CX3CL1 were
decreased.'® Further comprehensive analysis showed that the absolute number of lymphocytes was lower in CRC
patients than in healthy controls, while the absolute number of monocytes was significantly higher in CRC patients
than in healthy controls. CXCLI1 levels were positively correlated with the absolute number of basophils, and IL10
levels were positively correlated with the absolute number of neutrophils. IL7 and IL15 levels were significantly
higher in the >4 cm tumor volume group than in the <4 cm tumor volume group. MCP-3 levels were significantly
higher in the distant metastasis group than in the without distant metastasis group, and there were significant
differences in MCP-3 levels between the CRC TNM staging groups. CXCL1 degradation mediated by autophagy
promotes CRC immune escape, indicating that CXCL1 may be a CRC immunotherapy target.'® IL15 inhibits colitis-
associated colon carcinogenesis by modulating antitumor cytotoxicity and modulating the inflammatory tumor
microenvironment.?’*' Transfection of the gene encoding the chemokine MCP-3 promotes the induction of anti-
CRC immunity.?* There is a significant correlation between high serum IL10 levels and poor CRC survival, and the
—1082A/G polymorphism of IL10 has an important impact on CRC progression.”> IL10 is increased in the serum of
patients with CRC, and lower levels of IL10 are associated with a lower cancer recurrence rate, a better prognosis,
and longer overall survival>* IL7 levels are lower in CRC patients than in those with active and inactive
inflammatory bowel disease.”” The plasma levels of CXCL12 are lower in CRC patients than in controls, and
CXCLI12 levels are lower in patients with Dukes B and C CRC than in patients with Dukes A CRC.?® In conclusion,
circulating plasma proteins have potential application to the diagnosis of CRC and the evaluation of treatment
effects and prognosis.

PEA-based proteomics technology has the advantages of ultra-microquantity, precision, stable and reliable
results, and high sensitivity and specificity.?” It has been widely used in mining plasma circulating protein markers
for the early diagnosis of tumors (eg, epithelial ovarian cancer, cervical cancer, esophageal cancer, glioma, non-
small cell lungcancer, gastric cancer, and hepatocellular carcinoma).?®* ¢ We utilized PEA proteomics technology
to mine six proteins (IL 7, CXCL12, IL10 IL15, CXCLI1, and MCP-3) to generate the best signature model
representing the differences between CRC patients and healthy controls with high sensitivity and specificity that
play a role in the development and progression of CRC. Further verification is needed using a larger sample size. In
addition, the expression levels of IL7, CXCL12, IL10, IL15, CXCLI, and MCP-3 in CRC tissues were identified by
TCGA-COADREAD dataset analysis. IL7, IL10, and CXCL1 are independent factors for evaluating the prognosis of
CRC patients, but they have not been verified using CRC tissue samples. We hypothesize that IL7, CXCL12, IL10,
IL15, CXCLI1, and MCP-3 expressed in CRC tissues are secreted into the blood circulation and may play an
important role in the occurrence and development of CRC.

In conclusion, our study confirmed that the best serum protein signature model (IL7, CXCL12, IL10, IL15, CXCL1,
and MCP-3) was able to distinguish CRC patients from healthy controls. These proteins were also involved in the
occurrence and development of CRC. Our study provide a theoretical basis for the involvement of peripheral immune
environment features in the occurrence and development of CRC.
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