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Abstract
The outbreak of coronavirus disease 2019 (COVID-19) is a significant challenge for clinicians, especially for immunocompromised cancer patients. By analyzing the impact of COVID-19 on the immune microenvironment of colorectal cancer (CRC) patients at the tissue level and single-cell level, we found that CRC patients are more easily infected by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), but promotion of infiltration and differentiation of monocytes makes them more likely to develop severe COVID-19. Because of the continuing activation of nuclear factor (NF)-κB and C-C chemokine receptor type 5 (CCR5) signaling pathways in monocytes, imbalance of macrophage polarization can aggravate the cytokine release syndrome. Therefore, regulating the infiltration and differentiation of monocytes is helpful for the treatment of COVID-19 in CRC patients.
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Core Tip: Not only are colorectal cancer (CRC) patients susceptible to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) but their infiltrating monocytes are also affected by SARS-CoV-2. Promotion of infiltration and differentiation of monocytes after infection CRC patients are more likely to develop severe coronavirus disease 2019 (COVID-19). In severe COVID-19, because of activation of the nuclear factor (NF)-κB and C-C chemokine receptor type 5 (CCR5) signaling pathways, the imbalance of macrophage polarization can cause further aggravation of the cytokine release syndrome.

INTRODUCTION
As a public health emergency of international concern, there are nearly 150 million coronavirus disease 2019 (COVID-19) cases worldwide. In particular, cancer patients are more vulnerable to virus infection because of their suppressed immune microenvironment. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) enters cells by recognizing angiotensin I converting enzyme 2 (ACE2), transmembrane serine protease 2 (TMPRSS2)[1], and other proteases, such as cathepsin B (CTSB) and cathepsin L (CTSL)[2], in the host cell. Clarifying the expression of those proteins unique to various human pathologies may be helpful in identifying susceptible populations.
Studies have shown that cancer patients not only have a 2.31 times higher risk of infection with SARS-CoV-2 than the general population[3] but also have a higher risk of developing severe COVID-19[3,4]. Compared with patients without cancer, those with cancer have a 3.56-fold increased risk of severe disease following COVID-19 infection[5]. However, the mechanism of the exacerbation of COVID-19 is not clear. Therefore, revealing the effects of COVID-19 infection on the human body may provide new ideas for preventing the deterioration of COVID-19 patients.
The leading cause of COVID-19 aggravation is multiorgan dysfunction caused by the cytokine release syndrome (CRS). By comparing the differences in proteomics and metabolomics of severe and nonsevere COVID-19 cases with healthy controls, it was found that the severe cases were associated with abnormal macrophage regulation[6,7]. The results of meta-analysis and bioinformatics analysis have shown that colorectal cancer (CRC) patients are more susceptible to SARS-CoV-2 than cancer patients with other tumors[8]. Studies have also shown that COVID-19 patients with CRC are more likely to have clinical characteristics with a poor COVID-19 prognosis than matched patients with COVID-19 but without cancer[9]. We used CRC as an example to elucidate the effect of SARS-CoV-2 on the cancer immune microenvironment, especially the impact on monocytes, with the goal of finding treatments to delay the progression of COVID-19.

SARS-COV-2 RECOGNITION PROTEINS ARE HIGHLY EXPRESSED IN THE TUMOR TISSUES OF CRC PATIENTS
After SARS-CoV-2 infection, viral envelope spike proteins bind to ACE2 and promote cellular recognition of the virus[2]. If transmembrane serine protease 2 (TMPRSS2) is present, it promotes the cleavage and activation of S proteins by host cells. SARS-CoV-2 usually enters cells through the endosomal pathway, but in the absence of TMPRSS2, it enters by cathepsin L (CTSL) and cathepsin B (CTSB) proteolysis and activation of S protein[10-12].
Data on mRNA expression in colorectal cancer tissue in the Cancer Genome Atlas (https://cancergenome.nih.gov/) and the Genotype-Tissue Expression project (https://www.gtexportal.org/home/) databases, we found that the expression of ACE2 and TMPRSS2 was higher in CRC than in healthy tissue (Figure 1A). In addition, single-cell sequencing data from 27,414 cells from six CRC patients in the National Center for Biotechnology Information Gene Expression Omnibus (GEO) database (GSE144735), we found that ACE2, TMPRSS2, CTSL, and CTSB were primarily expressed in stromal and epithelial cells of CRC tissue (Figure 1B, C). Therefore, the susceptibility of CRC patients to COVID-19 may be associated with the high expression of SARS-CoV-2 recognition proteins.

INFILTRATING MONOCYTES IN COLORECTAL CANCER TISSUES ARE SENSITIVE TO SARS-COV-2 INFECTION
Analysis of GEO single-cell sequencing data (GSE144735) revealed that expression of the CTSL and CTSB SARS-CoV-2 recognition proteins was higher in monocytes compared with other immune cells in the tumor microenvironment (Figure 2). Consequently, SARS-CoV-2 infection may affect the function of monocytes. The analysis also showed that the expression of CTSL and CTSB mRNA was higher in infiltrated monocytes in cells from tumor than it was in cells from healthy tissue (Figure 2). Thus, when infected by COVID-19, monocytes in the tumor microenvironment may induce a stronger inflammatory effect.

COVID-19 PROMOTES INFILTRATION AND DIFFERENTIATION OF MONOCYTES
Monocytes constitute a pool of dendritic cells and macrophages, and differentiate into type 1 macrophages (M1) and type 2 macrophages (M2). M1 are proinflammatory macrophages and have an anti-tumor effect. M2 are anti-inflammatory macrophages that mediate tumor immune escape. The effects of monocyte cytokines produced following SARS-CoV-2 infection on macrophage polarization was investigated using GEO data (GSE145926). Cluster-based processing of cells from three healthy, three mild, and six severe COVID-19 patient using Harmony (https://www.harmony-alliance.eu/covid19/covid-19-news/open-call-for-data-partners-to-join-the-harmony-covid-19-data-platform) was used to remove batch effects and select 20 principal components. Differential expression analysis with Seurat (https://satijalab.org/seurat/archive/v3.2/de_vignette.html) identified CD14+ monocytes in the patient samples for subsequent analysis. The proportions of M1 and M2 in the samples were determined by counting the CD80- and CD86-positive M1 and MRC1- and CD163-positive M2 cells. Differences were compared with GraphPad Prism 7.0a for Mac OS X (GraphPad Inc., La Jolla, CA, United States) and the unpaired two-tailed Student’s t-test. Numeric data are reported as means ± SD. The gene set variation analysis (GSVA) for microarray and RNA-seq data (https://www.bioconductor.org/packages/release/bioc/html/GSVA.html) R statistics package was used to score gene set enrichment analysis data from 31,557 monocytes (c2.cp.v7.1.symbols.gmt: https://data.broadinstitute.org/gsea-msigdb/msigdb/release/7.1/).
Analysis of the cytokines expressed by monocytes in alveolar lavage fluid (GEO: GSE145926, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145926) showed that COVID-19 induced the differentiation of M1 and M2 by affecting the cytokines TGF-β1 and TNF-α (Figure 3A). Therefore, SARS-CoV-2 promotes macrophage polarization and enhances macrophage infiltration by stimulating cytokine production. By comparing the correlation between the proportion of macrophages and the degree of infection, it was found that patients with COVID-19 had higher macrophage infiltration than healthy people (Figure 3B). However, after developing into severe COVID-19, the M1/M2 ratio increased (Figure 3B), which may further aggravate the CRS.

REGULATION OF MONOCYTE INFILTRATION AND DIFFERENTIATION MAY CONTRIBUTE TO THE TREATMENT OF COVID-19
We use the Linear Models for Microarray (limma) R package (https://bioconductor.org/packages/release/bioc/html/limma.html) to distinguish signaling pathways (DEGenesets) in patients with severe and nonsevere COVID-19 infection and healthy controls and cutoffs of the average absolute between-group differences. We identified nine signaling pathways that were statistically different (≥ 0.35 false discovery rate-adjusted P < 0.001, Figure 4). The results suggest that COVID-19 infection promotes the activation of NF-κB and CCR5 signaling pathways in monocytes. Multiple metabolic pathways in monocytes are involved (Figure 4). Inhibiting the activation of the NF-κB or CCR5 signaling pathway is expected to maintain the balance of M1 and M2 monocytes and thus prevent progression to severe COVID-19 infection.

CONCLUSION
COVID-19 has many implications for the diagnosis and treatment of cancer. With the increasing understanding of the SARS-CoV-2 infection-related signaling pathway, a growing number of studies have described the association between tumors and the risk of CDVID-19 infection. Clinical studies and meta-analyses have also preliminarily confirmed the susceptibility of Chinese CRC patients to COVID-19[13,14], but reason needs further study. This study briefly described the expression of SARS-CoV-2 recognition proteins in the cells and tissues of COVID-19 patients, providing a reference for subsequent studies on the susceptibility of CRC patients to COVID-19.
Because SARS-CoV-2 recognition proteins are not only expressed in tumor cells but also immune cells, we analyzed the expression of essential proteins related to COVID-19 infection in various immune cells by the single-cell sequencing analysis of cells in CRC patients. We found that SARS-CoV-2 infection may affect the function of monocytes and that SARS-CoV-2 infection can promote the activation of NF-κB and CCR5 signaling pathways in monocytes. Suppressing the activation of NF-κB and CCR5 signaling pathways may reshape the balance of macrophage polarization, which can be helpful for the treatment of COVID-19.
Because of the relationship between monocyte-macrophage activation and the severity of COVID-19, the cytokines released by epithelial cells and fibroblasts following SARS-CoV-2 infection promote the recruitment of monocytes and the activation of macrophages, which promotes the CRS[15]. We also uncovered evidence that monocyte-macrophage infiltration was associated with COVID-19 severity and that M1/M2 ratio was higher in severe than in nonsevere COVID-19, which promotes disease progression. We believe that the high expression of SARS-CoV-2 recognition protein in monocytes affects monocytes function in direct or indirect ways.
Statins are inhibitors of cholesterol synthesis. They are also helpful in the treatment of COVID-19[16], although it is not clear how they do that. Statins can not only directly inhibit the growth and development of tumors, but also inhibit the release of pro-differentiation cytokines by M1 macrophages. They also cause a reduction of the M1/M2 ratio and inhibit macrophage infiltration by inhibiting TLR4/MYD88/NF-κB signaling[17,18]. Furthermore, lipids promote the upregulation of CCR5 in monocytes and enhance their proinflammatory phenotype[19]. Inhibitors of NF-κB and CCR5, such as statins, may offer a novel treatment for CRC patients with COVID-19 by regulating the changes in the M1/M2 ratio. Because lipopolysaccharides are a TLR4 agonist, active prevention and treatment of combined bacterial infections may be effective to prevent CRS occurrence. Leronlimab, a CCR5-specific antibody, has also been reported as a potential treatment of COVID-19. It inhibits macrophage polarization and CRS occurrence by blocking CCR5[20,21]. We believe that other drugs that block NF-κB or CCR5 may also be effective in treating COVID-19.
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Figure Legends
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Figure 1 Severe acute respiratory syndrome coronavirus 2 recognition proteins are highly expressed in the tumor tissues of patients with colorectal cancer. A: In the TCGA and GTEx databases, expression of angiotensin I converting enzyme 2 (ACE2) and transmembrane serine protease 2 (TMPRSS2) was significantly higher in in colorectal cancer (CRC) tumors than in healthy tissues (P < 0.01); B: single-cell sequencing analysis of 27,414 cells from six CRC patients found that ACE2 and TMPRSS2 expression was higher in CRC than in healthy tissue, and was mainly expressed in epithelial cells; C: Expression of ACE2, TMRPSS2, cathepsin B, and cathepsin L was higher in CRC than in normal tissue in both stromal and epithelial cells analysis of single-cell sequencing (Gene Expression Omnibus: GSE144735). ACE2: Angiotensin I converting enzyme 2; CRC: Colorectal cancer; CTSB: Cathepsin B; CTSL: Cathepsin L; GTEx: Genotype-tissue expression; TCGA: The Cancer Genome Atlas; TMPRSS2: Transmembrane serine protease 2; UMAP: Uniform manifold approximation and projection.
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Figure 2 Infiltrating monocytes in colorectal cancer tissues express high levels of severe acute respiratory syndrome coronavirus 2 recognition proteins. Analysis of single-cell sequencing of 27,414 cells in six colorectal cancer patients identified genes that were expressed in at least three cells and at least 200 genes were identified in each cell. Harmony was used to remove batch effects. The first 20 principal components were selected in Seurat to cluster the patients, and the enriched pathways in marker gene sets were found with enrichR (https://amp.pharm.mssm.edu/Enrichr/) and the expression of coronavirus disease 2019-related genes in dendritic, natural killer, myeloid, stromal, and epithelial cells; monocytes, and B cells was screened. Severe acute respiratory syndrome coronavirus 2 recognition proteins were mainly expressed on monocytes. The expression of angiotensin I converting enzyme 2, transmembrane serine protease 2, cathepsin B, and cathepsin L in tissue-infiltrated monocytes was higher in colorectal cancer than in normal tissue. ACE2: Angiotensin I converting enzyme 2; CRC: Colorectal cancer; CTSB: Cathepsin B; CTCL: Cathepsin L; TMPRSS2: Transmembrane serine protease; UMAP: Uniform manifold approximation and projection. 
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Figure 3 Impact of coronavirus disease 2019 on monocytes. A: Coronavirus disease 2019 (COVID-19) induces the differentiation of M1 and M2 macrophages by affecting cytokines, especially TGF-β1 and TNF-α; B: COVID-19 patients had higher macrophage infiltration than healthy people. In severe COVID-19, the M1/M2 ratio increased. GM-CSF: Granulocyte-macrophage colony-stimulating factor; IFN-γ: Interferon-γ; IL: Interleukin; M1: Type 1 macrophage; M2: Type 2 macrophage.
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Figure 4 Coronavirus disease 2019 infection promotes the activation of NF-κB and CCR5 signaling pathways in monocytes. The limma R package was used to identify differentially expressed pathways (DEGeneset) in severe and nonsevere Coronavirus disease 2019 (COVID-19) patients, and healthy controls with an absolute value score > 0.35 and a false discovery rate < 0.001. Nine differential pathways were found. COVID-19 infection promoted the activation of NF-κB and CCR5 signaling pathways in monocytes. Multiple metabolic pathways were also involved.
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