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Neuropilin-1 (NRP1) is a transmembrane protein involved in many physiological

and pathological processes, and it functions as a co-receptor to facilitate the

entry of SARS-CoV-2 into host cells. Therefore, it is critical to predict the

susceptibility to SARS-CoV-2 and prognosis after infection among healthy

people and cancer patients based on expression of NRP1. In the current

study, we analyzed the conservation and isoform of NRP1 using public

databases. NRP1 expression landscape in healthy people, COVID-19 patients,

and cancer patients at both bulk and single-cell RNA-seq level was also

depicted. We also analyzed the relationship between tissue-specific

NRP1 expression and overall survival (OS), as well as tumor immune

environment at a pan-cancer level, providing a comprehensive insight into

the relationship between the vulnerability to SARS-CoV-2 infection and

tumorigenesis. In conclusion, we identified NRP1 as a potential biomarker in

predicting susceptibility to SARS-CoV-2 infection among healthy people and

cancer patients.
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Introduction

Coronavirus diseases 2019 (COVID-19), caused by severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2), broke

out at the end of 2019 in Wuhan, China and quickly became

pandemic worldwide (Holshue et al., 2020; Marchand-Senecal

et al., 2020; Rothe et al., 2020; Zhu et al., 2020). According to

Johns Hopkins University, a total of 528,430,289 confirmed cases

and 6,286,507 deaths were reported globally as of 28 May 2022

(https://coronavirus.jhu.edu/).

Coronaviruses (CoVs), belonging to the family

Coronaviridae, are enveloped viruses with a single-strand,

positive-strand RNA (Su et al., 2016). Most CoVs only cause

mild illness, but three could cause severe diseases in people,

including severe acute respiratory syndrome coronavirus (SARS-

CoV), Middle East respiratory syndrome coronavirus (MERS-

CoV) and SARS-CoV-2 (Zheng, 2020). Symptoms caused by

SARS-CoV-2 were more similar with that of SARS-CoV (Wang

et al., 2020), and bioinformatics analysis revealed that the

genome of SARS-CoV-2 has 82% nucleotide identity with

SARS-CoV (Chan et al., 2020). The pathogenic mechanism of

SARS-CoV-2 has not been fully elucidated. Researchers

confirmed that SRAS-CoV-2 entered cells by the cell receptor

angiotensin converting enzyme II (ACE2) (Zhou et al., 2020).

Many proteins in host cells had been proven to interact with the

spike glycoprotein on the outer membrane of SARS-CoV-2, thus

contributed partially to the virulence of the virus, including furin

(Walls et al., 2020), transmembrane protease serine 2

(TMPRSS2) (Hoffmann et al., 2020; Raghav et al., 2020),

transmembrane protease serine 4 (TMPRSS4) (Zang et al.,

2020), Glucose Regulated Protein 78 (GRP78) (Ibrahim et al.,

2020), cathepsin L (CTSL) (Zhao et al., 2021), dipeptidyl

peptidase 4 (DPP4) (Vankadari and Wilce, 2020), and

neuropilin-1 (NRP1) (Daly et al., 2020).

NRP1, also known as CD304 or BDCA-4, is a member of the

type I transmembrane protein family Neuropilins. NRP1 consists

of an intracellular cytoplasmic domain, a transmembrane

domain and an extracellular domain (Chaudhary et al., 2014),

and the extracellular domain could be further divided into three

parts, including CUB (a1/a2) domain, FV/FVIII (b1/62) domain,

and MAM 3) domain (Gu et al., 2002). The MAM domain,

together with the transmembrane domain, is necessary for the

induction of neuropilin signaling (Roth et al., 2008). NRP1 acts as

a co-receptor for some extracellular ligands to take part in a

variety of physiological and pathological processes, including

angiogenesis, cardiovascular development, immunity, cell

migration, axonal guidance, and tumor development

(Chaudhary et al., 2014). Recently, NRP1 was shown to serve

as an entry factor and potentiate SARS-CoV-2 infectivity in

multiple cell lines (Cantuti-Castelvetri et al., 2020; Daly et al.,

2020). Generally speaking, the interaction between NRP1 and

SARS-CoV-2 is based on the S1 CendR motif, which is generated

by the furin cleavage of SARS-CoV-2 spike (S) protein (Daly

et al., 2020). Blocking this interaction with a small-molecule

inhibitor or monoclonal antibodies could reduce viral infection

(Cantuti-Castelvetri et al., 2020; Daly et al., 2020; Kolarič et al.,

2022), which provides a potential therapeutic target for

COVID-19.

Cancer patients were found to have a higher COVID-19

morbidity and severity rate than individuals without cancer

(Liang et al., 2020), partially owing to impaired immune

systems (Liu C. et al., 2020). Main molecules intersecting

COVID-19 and cancer included tumor necrosis factor α
(TNF-α) (Balkwill, 2009; Huang et al., 2020), exportin 1

(XPO1) (Uddin et al., 2020; Azmi et al., 2021), Bruton

tyrosine kinase (BTK) (Byrd et al., 2016; Roschewski et al.,

2020), TMPRSS2 (Lin et al., 1999; Hoffmann et al., 2020;

Raghav et al., 2020), NKG2A (André et al., 2018; Antonioli

et al., 2020), and C5aR (Wang et al., 2019; Woodruff and

Shukla, 2020). Common features shared by these molecules

were all indispensable for immune responses against both

cancer and infectious diseases. As NRP1 also plays an

important role in immunity, cancer pathogenesis, and

infection of SRAS-CoV-2, it is meaningful to explore the

expression of NRP1 in different normal and cancer tissues to

predict the susceptibility to COVID-19. Besides, the role

NRP1 plays in the immunity microenvironment also needs

exploration to better understand the pathogenesis of COVID-19.

Clinical management of COVID-19 patients mainly

consisted of supportive therapy and symptoms treatment.

Antiviral drugs including remdesivir, favipiravir, lopinavir-

ritonavir, and camostat mesilate have already showed

apparent efficacy in treating COVID-19 (Liu X. et al., 2020;

Pascarella et al., 2020). Antibody drugs have been emerging as

promising COVID-19 therapeutic agents and some of them have

already been approved or received emergency use authorization

(EUA) from the US Food and Drug Administration (FDA).

SARS-CoV-2 neutralizing antibodies target the receptor

binding domain (RBD) and N-terminal domain (NTD) on

S1 protein, and S2 protein (Li et al., 2022). Besides,

monoclonal antibodies to control the cytokine storm

syndrome (CSS) are currently under evaluation in several

clinical trials (Hwang et al., 2022). Taking these into account,

we wondered whether antibody cocktails targeting NRP1 could

benefit COVID-19 patients, especially patients complicated with

cancer.

In this study, we demonstrated the landscape of

NRP1 expression among different tissue types and did a pan-

cancer analysis to figure out potential vulnerable people to

COVID-19 using public databases. We further analyzed the

relationship between NRP1 and immunity to interpret the

immune disorders observed in severe cases of COVID-19. We

hope our research could emphasize NRP1 as a reliable biomarker

in predicting vulnerability to SARS-CoV-2 infection in cancer

patients and provide potential strategy to treat cancer patients

combined with COVID-19.
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Materials and methods

Pathway analysis

The SARS-CoV-2 infection related pathways involving

NRP1 were obtained from WikiPathways (https://www.

wikipathways.org/index.php/Pathway:WP5065, https://www.

wikipathways.org/index.php/Pathway:WP4846). WikiPathways

is an open, collaborative platform dedicated to the curation of

biological pathways (Martens et al., 2021).

Homology analysis

Sequence alignment of NRP1 homologs were performed at

the online website PRofile ALIgNEment (PRALINE) (https://

www.ibi.vu.nl/programs/pralinewww/) (Simossis and Heringa,

2005), which integrates homology-extended and secondary

structure information for multiple sequence alignment. The

FASTA format file of NRP1 protein sequence in different

species were downloaded from the NCBI database and it was

uploaded to the website as the input file. All the parameters were

set at default ones.

HPA database analysis

The mRNA and protein expression levels of NRP1 in

different human normal and tumor tissues were obtained

from the Human Protein Atlas (HPA) database (https://

www.proteinatlas.org/ENSG00000099250-NRP1) (Uhlén

et al., 2015). The HPA consisted of 10 different sections,

including tissue, brain, single cell type, tissue cell type,

pathology, immune cell, blood protein, subcellular, cell line

and metabolic. The mRNA expression data of NRP1 in normal

and tumor tissues were derived from the consensus dataset

(combined HPA and GTEx transcriptomics datasets), the

FANTOM5 dataset, and the Cancer Genome Atlas (TCGA)

dataset. The NRP1 protein expression data was from

immunohistochemistry (IHC) analysis stained with two

antibodies (cat #: HPA030278 and cat #: CAB004511). The

NRP1 protein levels in plasma was detected by mass

spectrometry and proximity extension assay (PEA). The

single cell RNA sequencing data of lung tissues was derived

from the Gene Expression Omnibus (GEO) dataset GSE130148.

Data were accessed on 10 February 2022.

Differential expression analysis in pan-
cancers

The mRNA expression levels of NRP1 in different types of

tumor tissues and paired normal tissues from the TCGA

dataset were compared using the UALCAN (http://ualcan.

path.uab.edu/index.html) and the ENCORI (https://starbase.

sysu.edu.cn/panCancer.php) databases. The UALCAN

database is a comprehensive and interactive web resource

for analyzing gene expression data based on four databases

including TCGA (Chandrashekar et al., 2017). The ENCORI

database contained pan-cancer gene expression data of more

than 30 types of tumors and provides gene differential

analysis between tumor tissues and normal tissues (Shu

et al., 2021). Gene mutation analysis of NRP1 across

25 cancer types was conducted using the Tumor Immune

Estimation Resource (TIMER) 2.0 database (http://timer.

comp-genomics.org/). TIMER2.0 provides tools to

compare the differential gene expression between different

mutation status (Li et al., 2020). Data were accessed on

10 February 2022.

TISCH database analysis

The Tumor Immune Single Cell Hub (TISCH) is an online

scRNA-seq database integrating single-cell transcriptomic data

of nearly two million cells from 76 tumor datasets across

27 cancer types in 18 organs and tissues, focusing on tumor

microenvironment (TME) (Sun et al., 2021). The

NRP1 expression in non-small cell lung cancer (NSCLC) at

the single-cell level were analyzed in the TISCH database

(http://tisch.comp-genomics.org/home/). Data were accessed

on 10 February 2022.

GEPIA2 database analysis

GEPIA2 (Gene Expression Profiling Interactive Analysis

2) is a website providing tools including differential

expression analysis, correlation analysis, profiling

plotting, similar gene detection, survival analysis, and

dimensionality reduction analysis (Tang et al., 2019). The

NRP1 isoform usage, expression distribution and domain

structures in multiple tumor tissues were determined by the

GEPIA2 database (http://gepia2.cancer-pku.cn/#isoform)

based on the large TCGA and Genotype-Tissue Expression

(GTEx) datasets. The impact of NRP1 expression on

overall survival (OS) of cancer patients were also

determined via GEPIA2 (http://gepia2.cancer-pku.cn/

#survival). Overall survival rate is defined as the

percentage of people in a study or treatment group who are

still alive for a certain period of time after they were

diagnosed with or started treatment for cancer.

Patients were classified into low NRP1 group and high

NRP1 group based on the median NRP1 expression level

for comparison of OS. Data were accessed on

10 February 2022.
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Correlation analysis of NRP1 expression
and immune characteristics

The relations between NRP1 expression and the abundance

of 28 immune cell types, immunoinhibitors, chemokines, and

receptors across 30 cancer types were analyzed in the TISIDB

database (http://cis.hku.hk/TISIDB/browse.php?gene=NRP1).

The Tumor and Immune System Interaction Database

(TISIDB) integrated multiple data resources in

oncoimmunology to provide analysis on tumor-immune

interactions (Ru et al., 2019). The distribution of

NRP1 expression across different immune subtypes in pan-

cancers was also analyzed in the TISIDB database. The cancer

immune subtypes are divided into six categories, including C1

(wound healing), C2 (IFN-gamma dominant), C3

(inflammatory), C4 (lymphocyte depleted), C5

(immunologically quiet) and C6 (TGF-β dominant).

Correlation between NRP1 and immune infiltrating cells in

lung squamous cell carcinoma (LUSC) were further verified in

the TIMER database (https://cistrome.shinyapps.io/timer/).

Tumor Immune Estimation Resource (TIMER) integrated

molecular profiles of tumor-immune interactions across

10,897 tumors from 32 cancer types (Li et al., 2017).

Correlation between NRP1 and various immune checkpoint

markers were also analyzed in the TIMER database. Data

were accessed on 10 February 2022.

Bulk RNA-seq and snRNA-seq analysis of
NRP1 expression in COVID-19 patients

The GEO dataset GSE159585 contains bulk RNA-seq and

single nucleus RNA-seq (snRNA-seq) data performed on

lungs from seven COVID-19 patients and non-COVID-

19 controls. Related data were downloaded from the GEO

database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE159585). For bulk RNA-seq analysis, raw counts

data was transformed into log2 (TPM+1) for comparison of

gene expression. For snRNA-seq analysis, R package “Seurat”

was used to process the raw counts data. Cells were classified

into 21 clusters at a resolution of 0.2 after filtering out low low-

quality cells.

Analysis of NRP1 expression in human
cancer cell lines

The normal human lung epithelial cell line BEAS-2b, the

normal human colon cell line NCM460, the human lung

adenocarcinoma cell line PC-9 and four colon cancer cell

lines (HCT116, HT29, LoVo, and SW480) were obtained from

the oncology laboratory of Tongji Hospital, Wuhan, China.

BEAS-2b and PC-9 were cultured in RPMI-1640 medium

(Hyclone, USA), HCT116 was cultured in McCoy’s 5A

medium (Procell, China), and the rest cells were cultured

in DMEM medium (HyClone, USA). Medium used contained

10% FBS (Gibco, USA) and all the cells were maintained in the

incubator at 37°C supplemented with 5% CO2.

Total RNA from cells was isolated using TRIzol (Takara,

Japan) and reverse-transcribed to cDNA with Hi Script II QRT

SuperMix (Vazyme, China). Then, qRT-PCR was carried out in

Real-Time PCR System (7900HT, Applied Biosystems, USA)

using ChamQ universal SYBR qPCR Master Mix (Vazyme,

China). The relative gene expression levels were calculated

using the 2−ΔΔCT method, and the GAPDH mRNA

expression levels were used for normalization. The primer

sequences were listed as follows: NRP1-forward, 5′- CCCCAA
ACCACTGATAACTCG -3′ and NRP1- reverse, 5′- AGACAC
CATACCCAACATTCC -3’; GAPDH-forward, 5′- GACAGT

CAGCCGCATCTTCT -3′ and GAPDH-reverse, 5′- GCGCCC
AATACGACCAAATC -3’.

Statistical analysis

Comparison of two normally distributed quantitative data

were performed using the Student’s t test. Comparisons of

multiple independent ordinal data were performed using

Kruskal–Wallis test. Survival data were analyzed using

Kaplan-Meier method and log-rank test. Spearman correlation

test was applied to calculate the correlation between two

normally distributed data. Two-side p < 0.05 was

considered statistically significant. R software (version 4.2.0)

and GraphPad Prism (version 8.0.1) were used for statistical

analyses.

Results

NRP1 is involved in SARS-CoV-2 infection

To determine the role NRP1 plays in the infection process

of SARS-CoV-2, we searched the biological pathways

involving NRP1 in the WikiPathways database. Two

pathways were determined, namely SARS-CoV-2 and

COVID-19 pathway (WP4846) and SARS-CoV-2 altering

angiogenesis via NRP1 (WP5065). Both of these two

pathways indicated that NRP1 could act as a co-receptor

when SARS-CoV-2 infects host human cells. Similar to

ACE2, SARS-CoV-2 enters cells through the binding of

surface spike glycoprotein (S protein) to NRP1 on the cell

membrane (Supplementary Figure S1A). Additionally, SARS-

CoV-2 could also facilitate angiogenesis via NRP1

(Supplementary Figure S1B). These results suggested that

NRP1 plays an important role in SARS-CoV-2 infection

and tumor growth.
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NRP1 is highly conserved

Alignment result of NRP1 homologs in different species

including human (NP_003864.5), chimpanzee (XP_001143690.1),

Rhesus monkey (NP_001252745.1), cow (NP_001192589.1), dog

(XP_005617003.1), mouse (NP_032763.2), rat (NP_659566.1),

chicken (NP_990113.1), frog (NP_001093692.1), and zebrafish

(NP_852474.2) revealed that it was highly conserved

(Supplementary Material S1), with a sequence identity percent

reaching 83%. These indicated that NRP1, similar to ACE2 (Yan

et al., 2020), would have the potential to act as a receptor for RBD on

SARS-CoV-2 across different species of animals.

Expression of NRP1 in healthy human
tissues

An overview of NRP1 expression profiling at gene

transcriptional and translational levels in different normal

human tissues and organs was downloaded from the HPA

database and was displayed in Figure 1A. We found that

NRP1 showed low tissue specificity in mRNA expression

levels. NRP1 was highly expressed in female tissues,

connective and soft tissue, muscle tissues, respiratory

system, kidney and urinary bladder, liver and gallbladder,

and bone marrow and lymphoid tissues than other organs and

tissues. The expression tendency of NRP1 protein was similar

to that of mRNA, but respiratory system, gastrointestinal tract

and pancreas showed higher translation level than

transcription level. The transcription landscapes of

NRP1 in multiple normal organs and tissues from the HPA

and GTEx datasets were displayed respectively

(Supplementary Figure S2). The mRNA expression data of

NRP1 from the consensus dataset combining the HPA and

GTEx dataset indicated that NRP1 expression in placenta is at

the highest (134.8 nTPM), followed by adipose tissue

(126.3 nTPM), heart muscle (81.5 nTPM), spleen

(67.3 nTPM), lung (64.3 nTPM), and breast (62.7 nTPM)

(Figure 1B). The cerebellum exhibited the lowest

NRP1 expression (3.8 nTPM) among all the organs

(Figure 1B). Similar mRNA expression distribution of

NRP1 was observed in the FANTOM5 dataset (Figure 1B).

FIGURE 1
NRP1 expression in normal human tissues (A) The expression and distribution features of NRP1 in normal human tissues. (B) The mRNA
expression profile of NRP1 in the Consensus dataset and FANTOM5 dataset ranked by expression levels. (C) The protein expression profile of
NRP1 ranked by expression levels. Arrows indicated lung tissues.
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As for the translation levels of NRP1, the IHC results revealed

that nasopharynx, bronchus, and fallopian tube had highest

protein expression among all the tissues. Twenty-one tissues

had medium protein expression, fourteen tissues including the

lung had low protein expression, and NRP1 protein

expression was not detectable in seven tissues (Figure 1C).

Together, these findings demonstrated that NRP1 is expressed

at different transcription and translation levels in different

human tissues and organs, with especially high expression in

the respiratory system, indicating the susceptibility of the cells

in the respiratory system to be infected by SARS-CoV-2.

Expression of NRP1 in healthy human
lungs

SARS-CoV-2 is mainly transmitted by droplet and aerosol,

leading to severe acute respiratory syndrome (Jayaweera et al.,

2020). Thus, the expression of SARS-CoV-2 receptors in the

lung cells is crucial for viral entry into human body. The

average mRNA expression level of lung tissues based on

578 samples from the GTEx dataset was 48.0 nTPM

(Supplementary Figure S3A), and the max mRNA

expression level of lung tissues based on the

FANTOM5 project was 288.1 scaled tags per million

(Supplementary Figure S3B). Notably, the mRNA level of

NRP1 (64.3 nTPM) was nearly 80-fold higher than that of

ACE2 (0.8 nTPM) in normal lung tissues from the consensus

dataset (Supplementary Figure S3C). Single-cell analysis of

lung tissues in HPA showed that NRP1 mRNA expression in

macrophages is at the highest (94.1 nTPM), followed by

endothelial cells (59.3 nTPM), alveolar cells type 2

(48.5 nTPM), and fibroblasts (47.0 nTPM) (Supplementary

Figure S4A). Consistent with this result, IHC staining showed

low to medium cytoplasmic and membranous NRP1 signals in

macrophages, and none to low cytoplasmic and membranous

NRP1 signals in alveolar cells (Supplementary Figure S4B).

Comparison of the expression of NRP1 and ACE2 in healthy

lung tissues revealed that NRP1 expression was significantly

higher than that of ACE2 at both mRNA and protein level

(Supplementary Figure S5). These findings indicated that, in

addition to ACE2, NRP1 may also play an indispensable role

in the invasion of lung tissues by SARS-CoV-2. Besides,

macrophages and alveolar cells might be the main targets

of SARS-CoV-2 in healthy people.

Expression of NRP1 in lungs of COVID-19
patients

To compare NRP1 expression level between COVID-19

patients and non-COVID-19 people, the GEO dataset

GSE159585 was analyzed. RNA-seq data revealed that the

NRP1 expression level was significantly higher in lungs from

COVID-19 patients than non-COVID-19 controls (p = 0.00067)

(Supplementary Figure S6A). The same result was also obtained

at the single-cell level (Supplementary Figure S6B). These

indicated that people with high expression of NRP1 were

vulnerable to SARS-CoV-2 infection and NRP1 could serve as

a biomarker in predicting susceptibility to SARS-CoV-

2 infection.

NRP1 protein concentration in plasma

It was reported that COVID-19 patients were characterized

with changes in peripheral white blood cells and immune cells

(Chen et al., 2020), so we also analyzed the protein concentration

of NRP1 in plasma and compared it with that of ACE2 via HPA.

NRP1 protein concentration in plasma detected by mass

spectrometry was 780 μg/L (Supplementary Figure S7A),

nearly 2000-fold higher than that of ACE2 (400 ng/L)

(Supplementary Figure S8). Besides, we found no difference in

plasma NRP1 protein concentration between male and female

detected by PEA (Supplementary Figure S7B). This result

indicated that NRP1 might be involved in the pathogenesis of

cytokine storm.

Expression profile of NRP1 in malignant
tumors

Next, we estimated the expression profiles of NRP1 across

pan-cancers. Analysis in the HPA database showed that the

NRP1 transcription level was different from the translation

level. NRP1 protein was highly expressed in ovarian cancer and

colorectal cancer in the HPA030278 dataset, and was also

highly expressed in colorectal cancer in the

CAB004511 dataset (Figure 2A). NRP1 mRNA expression

level showed low cancer specificity across pan-cancers, and

was highest in renal cancer among all the cancer subtypes in the

TCGA dataset (Figure 2B). Further analysis showed that the

mRNA expression level of NRP1 (8.8 FPKM) was 9.8-fold

higher than that of ACE2 (0.9 FPKM) in the TCGA-lung

cancer dataset (Figure 2C). The mRNA expression landscape

of NRP1 in normal and cancer samples across 24 TCGA cancer

types was obtained from UALCAN and was shown in

Figure 2D. Differential expression analysis of NRP1 at

transcription level between normal tissues and cancer tissues

across 17 different cancer types was carried out using ENCORI

and the result was listed in Table 1. Generally speaking, the

mRNA expression of NRP1 was significantly up-regulated in

seven cancer types, including kidney renal clear cell carcinoma

(KIRC), stomach adenocarcinoma (STAD),

cholangiocarcinoma (CHOL), head and neck squamous cell

carcinoma (HNSC), liver hepatocellular carcinoma (LIHC),
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thyroid carcinoma (THCA), and esophageal carcinoma

(ESCA). Meanwhile, the mRNA expression of NRP1 was

significantly down-regulated in five cancer types, including

breast invasive carcinoma (BRCA), lung squamous cell

carcinoma (LUSC), uterine corpus endometrial carcinoma

(UCEC), kidney chromophobe (KICH), and colon

adenocarcinoma (COAD). In vitro experiments validated this

result. We found that relative NRP1 mRNA expression level

was significantly lower in both the human lung

adenocarcinoma cell line PC-9 and four human colon cancer

cell lines compared with normal human cell lines

(Supplementary Figure S9). NRP1 mutation analysis across

different tumor types was carried out in TIMER2.0. The

result showed that skin cutaneous melanoma (SKCM) had

the highest mutation rate (8.97%) among all the cancer

types, while prostate adenocarcinoma (PRAD) had the

lowest mutation rate (0.20%) (Figure 2E). Above results

indicated that mRNA expression level, protein expression

level, and mutation rate of NRP1 in different cancer types

varied a lot.

FIGURE 2
NRP1 expression in different cancer types (A) The protein expression profile of NRP1 ranked by expression levels. NRP1 proteins were detected
by HPA030278 and CAB004511 respectively. (B) The pan-cancer RNA expression profile of NRP1 in the TCGA dataset (C) ThemRNA expression level
of NRP1 relative to that of ACE2 in the TCGA-lung cancer tissues. (D) The mRNA expression profile of NRP1 in tumor and normal samples across
TCGA cancers. (E) Bar plot presenting NRP1 mutation frequency in the indicated TCGA cancer types.
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NRP1 isoform usage and structure across
pan-cancers

A novel ACE2 isoform had been reported to expresse in

the airway epithelium and contribute to host susceptibility to

SARS-CoV-2 (Blume et al., 2021). Thus, we wanted to figure

out whether isoforms of NRP1, another SARS-CoV-

2 receptor, had similar characteristics. GEPIA2 was used to

analyze NRP1 (ENSG00000099250.17) isoform prevalence

and structure in 33 tumor types. Fourteen isoforms of

NRP1 were differentially expressed in tumor tissues

(Supplementary Figure S10B), Usage of the isoform

ENST00000374875.5 (NRP1-002) was the highest among all

the isoforms, followed by the isoform ENST00000374867.6

(NRP1−202) (Supplementary Figure S10B). Usage of other

isoforms was relatively low (Supplementary Figure S10B).

Isoform structure prediction showed that encoding by

923 amino acids, NRP1-001 and NRP1-202 both had two

CUB domains, two F5_F8_type_C domains, one MAM

domain, and one DUF3481 domain (Supplementary Figure

S10C). The rest isoforms all lacked certain segments

(Supplementary Figure S10C). Taking this into account, we

speculated that NRP1-202 might play an important role in

tumorigenesis and SARS-CoV-2 infection.

Comparison of NRP1 and ACE2 expression
levels in tumor and matched normal
tissues

Comparisons between two SARS-CoV-2 receptors,

NRP1 and ACE2, in 23 different tumor and matched normal

tissues were conducted using the TCGA dataset in GEPIA2. The

result showed that the mRNA expression of NRP1 is higher than

that of ACE2 in almost all the cancer types and matched normal

tissues (Supplementary Figure S11), indicating that NRP1 might

facilitate SARS-CoV-2 infection in both healthy people and

cancer patients.

Expression of NRP1 in lungs of NSCLC
patients

As COVID-19 is mainly characterized by severe symptoms

in the respiratory system, we wanted to find out the expression

profile of the SARS-CoV-2 receptor NRP1 among NSCLC

patients. Five datasets (i.e., NSCLC_GSE117570,

NSCLC_GSE127465, NSCLC_GSE131907,

NSCLC_GSE143423, and NSCLC_GSE99254) in the TISCH

database were used to analyze the expression of NRP1 in

TABLE 1 The mRNA expression of NRP1 in different cancer types compared with normal tissues.

Cancer Cancer
full
name

Cancer
number

Normal
number

Cancer
Exp

Normal
Exp

Fold
change

p
Value

FDR

BRCA Breast Invasive Carcinoma 1104 113 9.21 19.58 0.47 1.3e-38 2.4e-
37

LUSC Lung Squamous Cell Carcinoma 501 49 6.47 17.88 0.36 1.9e-31 3.7e-
30

KIRC Kidney Renal Clear Cell Carcinoma 535 72 41.38 19.34 2.14 8.0e-23 8.2e-
22

UCEC Uterine Corpus Endometrial Carcinoma 548 35 6.40 14.73 0.43 8.0e-13 1.1e-
11

STAD Stomach Adenocarcinoma 375 32 7.45 4.11 1.81 5.6e-7 3.9e-6

KICH Kidney Chromophobe 65 24 6.31 12.84 0.49 2.3e-6 1.2e-5

CHOL Cholangiocarcinoma 36 9 14.39 3.99 3.61 0.00031 0.0012

HNSC Head and Neck Squamous Cell
Carcinoma

502 44 5.87 4.09 1.44 0.00031 0.0013

COAD Colon Adenocarcinoma 471 41 3.68 4.46 0.83 0.00038 0.0015

LIHC Liver Hepatocellular Carcinoma 374 50 7.73 4.48 1.73 0.001 0.0032

THCA Thyroid Carcinoma 510 58 10.20 8.03 1.27 0.0021 0.0061

ESCA Esophageal Carcinoma 162 11 6.85 4.28 1.60 0.0078 0.048

LUAD Lung Adenocarcinoma 526 59 16.92 16.66 1.02 0.15 0.26

BLCA Bladder Urothelial Carcinoma 411 19 5.83 5.87 0.99 0.15 0.36

KIRP Kidney Renal Papillary Cell Carcinoma 289 32 16.66 15.29 1.09 0.18 0.71

PRAD Prostate Adenocarcinoma 499 52 8.56 6.87 1.25 0.42 0.63

PAAD Pancreatic Adenocarcinoma 178 4 11.67 15.61 0.75 0.45 0.66

Exp, Expression level; FDR, false discovery rate.
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various different cell types. Analysis combining the five datasets

showed that NRP1 mRNA expression level was the highest in

endothelial cells (Figure 3A). We further analyzed the

NSCLC_GSE127465 dataset. This dataset contained

31,179 cells in total, and monocytes/macrophages (n = 7032)

were the most abundant cells among them (Figure 3B). Cells in

the NSCLC_GSE127465 dataset could be divided into 12 types

based on marker genes (Supplementary Figure S12), including

conventional CD4+ T cells, B cells, plasma cells, natural killer

(NK) cells, neutrophils, monocytes/macrophages, mast cells,

malignant cells, fibroblasts, endothelial cells, dendritic cells

(DCs), and exhausted CD8+ T cells (Figure 3C).

NRP1 mRNA expression distribution across all the cells was

shown in Figure 3D. NRP1mRNA expression was the highest in

endothelial cells among all the cell subtypes, followed by

fibroblasts and monocytes/macrophages (Figure 3E). This

result indicated that endothelial cells might be the main

target of SARS-CoV-2 among NSCLC patients.

FIGURE 3
Correlation between NRP1 expression and TME in NSCLC (A) The heatmap showing the correlation between NRP1 expression level and TME in
NSCLC tissues. (B) Pie chart showing the number of each cell type in the NSCLC_GSE127465 dataset (C) The distribution of each cell type in the
NSCLC_GSE127465 dataset. (D)Heatmap showing the expression distribution of NRP1 across different cell types in the NSCLC_GSE127465 dataset.
(E) The violin plot showing NRP1 expression of different cell types in the NSCLC_GSE127465 dataset.
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Prognostic significance of NRP1 in pan-
cancers

We next did a pan-cancer analysis between NRP1

(ENSG00000099250.17) and OS of patients with GEPIA2.

Cancer patients were divided into high- and low-NRP1 group

according to median NRP1 expression level. An overview of the

result was shown in Figure 4A. We found that NRP1 was

negatively correlated with OS in seven cancer types, including

adenoid cystic carcinoma (ACC) (p = 0.0011) (Figure 4B),

cervical cancer (CESC) (p = 0.016) (Figure 4C), glioblastoma

multiforme (GBM) (p = 0.037) (Figure 4D), low-grade glioma

(LGG) (p = 0.0086) (Figure 4E), LUSC (p = 0.041) (Figure 4F),

STAD (p = 0.00019) (Figure 4G), and uveal melanoma (UVM)

(p = 0.0019) (Figure 4H). However, NRP1 was significantly

positively correlated with OS in KIRC (P = 9e-04) (Figure 4I).

A previous study also found that NRP1 expression was related

with improved survival in renal cell carcinoma (Morin et al.,

2020). Therefore, NRP1 functioned as an unfavorable prognostic

marker in most cancer types.

FIGURE 4
A pan-cancer correlation analysis betweenNRP1 expression andOS (A)An overview of correlation betweenNRP1 expression andOS inmultiple
cancer types. The red and blue blocks denoted higher and lower risks, respectively. (B–I) Kaplan-Meier plots of OS in the low NRP1 group and the
high NRP1 group in ACC, CESC, GBM, LGG, LUSC, STAD, UVM, and KIRC, respectively. Dotted lines represent 95% confidence interval (CI).
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FIGURE 5
The relationship analysis between NRP1 expression and tumor immune environment using the TISIDB database (A) The relation between
NRP1 expression and the abundance of different kinds of TILs in various cancers. (B) The relation between NRP1 expression and the expression of
various immunoinhibitory markers across cancers (C-L) The correlation between NRP1 expression and the abundance of macrophages, NK cells,
activated DCs, neutrophils, Tcm CD4+ cells, TemCD4+ cells, Tcm CD8+ cells, TemCD8+ cells, Tregs, and MDSCs in LUSC, respectively. (M) The
correlation between NRP1 expression and the expression of HAVCR2, CTLA4, TIGIT, PDCD1, and LAG3 in LUSC, respectively.
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NRP1 expression correlated with immune
environment in pan-cancers

As immune disorder plays an important role in both

oncogenesis and virus infection, the correlation between

NRP1 expression and immune infiltration levels was further

investigated. Analysis using the TISIDB database showed that

NRP1 expression was positively related with abundance of tumor

infiltrating lymphocytes (TILs) (Figure 5A) and expression of

immunoinhibitory markers (Figure 5B) in nearly all types of

cancer, indicating that NRP1 expression could be an independent

predictor of immune cell infiltration and response to immune

checkpoint inhibitors (ICIs). We further investigated the

correlation between NRP1 expression and cells or molecules

related to immune in the TCGA-LUSC dataset containing

501 samples. Correlation analysis between NRP1 and TILs

revealed that NRP1 expression was significantly positively

correlated with the abundance of various immune cells including

macrophages (rho = 0.566, p < 2.2e-16) (Figure 5C), NK cells (rho =

0.558, p < 2.2e-16) (Figure 5D), activatedDCs (rho = 0.488, p< 2.2e-

16) (Figure 5E), neutrophils (rho = 0.454, p < 2.2e-16) (Figure 5F),

central memory (Tcm) CD4+ cells (rho = 0.571, p < 2.2e-16)

(Figure 5G), effector memory (Tem) CD4+ cells (rho = 0.418,

p < 2.2e-16) (Figure 5H), central memory (Tcm) CD8+ cells

(rho = 0.528, p < 2.2e-16) (Figure 5I), effector memory (Tem)

CD8+ cells (rho = 0.479, p < 2.2e-16) (Figure 5J), regulatory T cells

FIGURE 6
A pan-cancer landscape of NRP1 expression in different immune subtypes (A) Differential analysis of NRP1 expression among the six immune
subtypes in different cancer types. Arrows indicated the top seven cancer types differentially expressing NRP1 among the six immune subtypes.
(B–H) Violin plots showing NRP1 expression in the six immune subtypes in LGG, BRCA, KIRC, PCPG, LUSC, COAD, and STAD, respectively.

Frontiers in Genetics frontiersin.org12

Huang et al. 10.3389/fgene.2022.995736

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.995736


(Treg) (rho = 0.65, p < 2.2e-16) (Figure 5K), and myeloid-derived

suppressor cells (MDSCs) (rho = 0.55, p < 2.2e-16) (Figure 5L).

Immune estimation using TIMER2.0 also revealed consistent results.

NRP1 expression was negatively correlated with tumor purity (cor =

-0.325, p = 3.27e-13), while positively related with B cells

(partial.cor = 0.092, p = 4.53e-02), CD8+ cells (partial.cor = 0.32,

p = 8.89e-13), CD4+ cells (partial.cor = 0.343, p = 1.56e-14),

macrophages (partial.cor = 0.525, p = 3.59e-35), neutrophils

(partial.cor = 0.474, p = 5.34e-28), and DCs (partial.cor = 0.533,

p = 3.43e-36) in LUSC tumors (Supplementary Figure S1A). In

addition, NRP1 expression was also significantly positively

associated with several immunoinhibitory markers including

HAVCR2 (rho = 0.517, p < 2.2e-16), CTLA4 (rho = 0.335, p <
1.66e-14), TIGIT (rho = 0.317, p < 5.36e-13), PDCD1 (rho = 0.291,

p < 3.55e-11), and LAG3 (rho = 0.241, p < 5.05e-08) (Figure 5M) in

LUSC tumors. These results could be validated in TIMER2.0

(Supplementary Figure S13B). Above findings indicated that

NRP1 might participate in remodeling the TME of LUSC.

Analysis in TIMER2.0 revealed that NRP1 was significantly

differentially expressed across the six immune subtypes in LGG

(p = 2.19e-18), BRCA (p = 3.62e-11), KIRC (p = 1.81e-09),

pheochromocytoma/paraganglioma (PCPG) (p = 1.53e-06),

LUSC (p = 2.36e-06), COAD (p = 9.13e-06), and STAD (p =

1.57e-05) (Figure 6A). We did a further investigation and found

that NRP1 was highly expressed in the TGF-β dominant immune

subtype in all of these seven cancer types (Figures 6B–H),

indicating that the TGF-β dominant immune subtype might

be more susceptible to SARS-CoV-2 infection than other

immune subtypes among LGG, BRCA, KIRC, PCPG, LUSC,

COAD, and STAD patients.

Chemokines and their receptors influence tumorigenesis and

metastases (Balkwill, 2004). The chemokine/chemokine-receptor

system was also involved in the cytokine storm related to SARS-

CoV-2 infection (Coperchini et al., 2020). Based on these we also

investigated the relationship between NRP1 expression and

chemokine/chemokine-receptor at a pan-cancer level in TISIDB.

The result showed that both chemokines (Supplementary Figure

S14A) and chemokine receptors (Supplementary Figure S14B) were

positively correlated with the expression level of NRP1 in most

cancer types, indicating that NRP1 could be a reliable predictor of

chemokine storm caused by SARS-CoV-2 infection in cancer

patients, and they might benefit from antibody cocktails targeting

both NRP1 and chemokines/chemokine receptors.

Discussion

The outbreak of COVID-19 worldwide has been a major

challenge for global public health, so figuring out susceptible

population to COVID-19 and predicting prognosis is of great

importance from the perspective of epidemiology. Previous

studies mainly focused on ACE2, a widely accepted receptor

of SARS-CoV-2. However, understanding other potential

receptors of SARS-CoV-2 may also be helpful in offering

novel insights into the pathogenesis and treatment of SARS-

CoV-2. In this article, we compared the expression level of

NRP1 in different tissues and organs among both healthy

people, COVID-19 patients and cancer patients. We also

compared the expression of NRP1 with that of ACE2 directly.

Besides, we did a pan-cancer analysis of the relationship between

NRP1 expression and OS, NRP1 mutation, and TME.

We found that NRP1 was highly conserved in different

species. Experimental studies have indeed shown that a small

number of animals are susceptible to infection with SARS-CoV-

2 and can transmit the virus (Shi et al., 2020; Sit et al., 2020).

Our study revealed that NRP1 was highly expressed in female

reproductive system, respiratory system, and urinary system. In

accordance with the expression profile observed in normal tissues,

NRP1 was also highly expressed in ovarian cancer, colorectal cancer,

and kidney cancer. This indicated that NRP1 mainly expressed in

tissues communicating the outer environment, which was similar

with that of ACE2 (Hamming et al., 2004). It is worth noticing that

NRP1 was highly expressed in placenta. Researchers have already

shown that SARS-CoV-2 localized predominantly to

syncytiotrophoblast cells at the materno-fetal interface of the

placenta in a pregnant woman with COVID-19 (Hosier et al.,

2020), but there was no direct evidence of vertical transmission

(Edlow et al., 2020). Interestingly, compared with the mRNA level,

the protein level of NRP1 was higher in respiratory system and

congestive system, indicating that post-transcriptionalmodifications

of NRP1mRNAmay exist in different tissues. At the single-cell level,

NRP1 was highly expressed in macrophages and endothelial cells in

both normal tissues and cancerous. Pulmonary macrophages are at

the heart of the airway innate immunity (Byrne et al., 2015), so

macrophage dysfunction caused by the infection of SARS-CoV-

2 makes COVID-19 patients vulnerable to bacterial infection

(Langford et al., 2020). Previous studies had already verified

macrophage as a therapeutic target in COVID-19 cancer patients

(Sica et al., 2020). Besides, evidence showed that the virus could

infect endothelial cells and cause diffuse endothelial inflammation

(Varga et al., 2020). The extremely low expression of ACE2 in lung

could hardly explain the severity of pulmonary distress syndrome in

SARS-CoV-2-infected patients. Comparison between ACE2 and

NRP1 revealed that expression level of NRP1 was higher than

that of ACE2 in most tumor and normal tissues (including lung

tissues and plasma). However, different from ACE2, NRP1 was not

highly expressed in gastrointestinal tract. Our finding added

evidence to the idea that ACE2 was not the only receptor

involved in the infection process of SARS-CoV-2, NRP1 may

also contribute to virus infection and virulence. Besides, we

found that NRP1 was significantly higher in lung tissues from

COVID-19 patients than non-COVID-19 people at both bulk

and single-cell level, which was consistent with previous studies

(Cantuti-Castelvetri et al., 2020; Daly et al., 2020). Thus, we

speculated that NRP1 was a potential valuable biomarker in

predicting susceptibility to SARS-CoV-2 infection and targeting
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NRP1 in treating COVID-19 patients might achieve ideal clinical

results.

Pan-cancer analysis revealed that the isoform NRP1-202

might be involved in both tumorigenesis and SARS-CoV-

2 infection processes. We found that expression level and

mutation rate of NRP1 depended on cancer types. However, in

most cancer types, NRP1 functioned as a potential oncogene,

which was consistent with previous studies (Vescarelli et al., 2020;

Liu et al., 2021; Song et al., 2021; Yin et al., 2021). This indicated

that cancer patients with poor prognosis were more susceptible to

SARS-CoV-2 infection than healthy people. Relationship between

NRP1 and TME was also intricate. Components of TILs were

complicated and they could be either tumor-promoting or tumor-

suppressing (Paijens et al., 2021). Our results indicated that

NRP1 was a double-edge sword for TME. The TGF-β
dominant immune subtype was characterized by a high

lymphocytic infiltration with an even distribution of Type I and

Type II T cells (Thorsson et al., 2018). It is worth noticing that the

TGF-β dominant immune subtype of cancers related to respiratory

system, digestive system, and female reproductive system was

more susceptible to SARS-CoV-2 than other immune subtypes.

Susceptible patients might benefit from precision medicine

combining NRP1 inhibitors and immunotherapy.

Inmost cancer types expression of NRP1was positively related

with expression of immunoinhibitory markers and chemokines/

chemokine-receptors. ICIs have gradually became an irreplaceable

role in cancer therapeutics in recent years (Darvin et al., 2018), and

inhibiting the chemokine system has also been emerging as a

potential target for immunotherapy in cancer (Poeta et al., 2019).

Cancer patients with high expression level of NRP1were presumed

to be vulnerable to the infection of SARS-CoV-2, and they were

more likely to experience cytokine storm. However, these patients

might be potential responders to the combination therapy of ICIs,

chemokine inhibitors, and NRP1 inhibitors, which could be

beneficial to suppressing tumor development, and controlling

symptoms of COVID-19 at the same time. This treatment

might be efficient in reducing viral load as well as relieving

severe symptoms of COVID-19 patients. In fact, the PD-1

antibody nivolumab is currently being investigated in a phase Ⅱ
clinical trial (NCT04356508). Clinical trials evaluating the effect of

anti-PD-1 in COVID-19 patients complicated with cancer are also

needed to reduce the mortality rate of such patients.

Our research identified NRP1 as a valuable marker in

predicting vulnerability to SARS-CoV-2 infection among

normal people, however, the susceptibility to SARS-CoV-2 in

cancer patients merits further investigation. The COVID-19 and

Cancer Consortium (CCC19) is an international consortium

which collects data on patients with cancer and COVID-19

(Rivera et al., 2020). Studies had already proved that patients

with cancer were at increased risk of severe COVID-19 outcomes

(Zhang et al., 2021), but a cohort study showed that cancer type

was not associated with mortality (Kuderer et al., 2020).

However, this conclusion might be biased by the limited

follow-up time. Besides, more controlled studies comparing

clinical and laboratory features between cancer and non-

cancer patients are urgently needed.

In conclusion, our study figured out susceptible population to

SARS-CoV-2 based on NRP1 expression. NRP1 could be a

valuable informative marker in predicting susceptibility to

SARS-CoV-2 and the severity of COVID-19 patients, and it

had a great potential as a therapeutic target especially in cancer

patients combined with COVID-19.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material further

inquiries can be directed to the corresponding authors.

Author contributions

YH designed the study. YH and YW wrote the manuscript.

DX and LX analyzed the results. WQ, BL, and XY helped to

modified the manuscript.

Funding

This work was supported by the State Key Program of

National Natural Science of China (Grant No. 82130092).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fgene.

2022.995736/full#supplementary-material

Frontiers in Genetics frontiersin.org14

Huang et al. 10.3389/fgene.2022.995736

https://www.frontiersin.org/articles/10.3389/fgene.2022.995736/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.995736/full#supplementary-material
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.995736


References

André, P., Denis, C., Soulas, C., Bourbon-Caillet, C., Lopez, J., Arnoux, T., et al.
(2018). Anti-NKG2A mAb is a checkpoint inhibitor that promotes anti-tumor
immunity by unleashing both T and NK cells. Cell 175 (7), 17311731–17311743.
doi:10.1016/j.cell.2018.10.014

Antonioli, L., Fornai, M., Pellegrini, C., and Blandizzi, C. (2020). NKG2A and
COVID-19: Another brick in the wall. Cell. Mol. Immunol. 17 (6), 672–674. doi:10.
1038/s41423-020-0450-7

Azmi, A. S., Uddin, M. H., and Mohammad, R. M. (2021). The nuclear export
protein XPO1 - from biology to targeted therapy. Nat. Rev. Clin. Oncol. 18 (3),
152–169. doi:10.1038/s41571-020-00442-4

Balkwill, F. (2004). Cancer and the chemokine network. Nat. Rev. Cancer 4 (7),
540–550. doi:10.1038/nrc1388

Balkwill, F. (2009). Tumour necrosis factor and cancer. Nat. Rev. Cancer 9 (5),
361–371. doi:10.1038/nrc2628

Blume, C., Jackson, C. L., Spalluto, C.M., Legebeke, J., Nazlamova, L., Conforti, F.,
et al. (2021). A novel ACE2 isoform is expressed in human respiratory epithelia and
is upregulated in response to interferons and RNA respiratory virus infection. Nat.
Genet. 53 (2), 205–214. doi:10.1038/s41588-020-00759-x

Byrd, J. C., Harrington, B., O’Brien, S., Jones, J. A., Schuh, A., Devereux, S., et al.
(2016). Acalabrutinib (ACP-196) in relapsed chronic lymphocytic leukemia. N.
Engl. J. Med. 374 (4), 323–332. doi:10.1056/NEJMoa1509981

Byrne, A. J., Mathie, S. A., Gregory, L. G., and Lloyd, C. M. (2015). Pulmonary
macrophages: Key players in the innate defence of the airways. Thorax 70 (12),
1189–1196. doi:10.1136/thoraxjnl-2015-207020

Cantuti-Castelvetri, L., Ojha, R., Pedro, L. D., Djannatian, M., Franz, J., Kuivanen,
S., et al. (2020). Neuropilin-1 facilitates SARS-CoV-2 cell entry and infectivity.
Science 370 (6518), 856–860. doi:10.1126/science.abd2985

Chan, J. F.-W., Kok, K.-H., Zhu, Z., Chu, H., To, K. K.-W., Yuan, S., et al. (2020).
Genomic characterization of the 2019 novel human-pathogenic coronavirus
isolated from a patient with atypical pneumonia after visiting Wuhan. Emerg.
Microbes Infect. 9 (1), 221–236. doi:10.1080/22221751.2020.1719902

Chandrashekar, D. S., Bashel, B., Balasubramanya, S. A. H., Creighton, C. J.,
Ponce-Rodriguez, I., Chakravarthi, B., et al. (2017). Ualcan: A portal for facilitating
tumor subgroup gene expression and survival analyses. Neoplasia 19 (8), 649–658.
doi:10.1016/j.neo.2017.05.002

Chaudhary, B., Khaled, Y. S., Ammori, B. J., and Elkord, E. (2014). Neuropilin 1:
Function and therapeutic potential in cancer. Cancer Immunol. Immunother. 63 (2),
81–99. doi:10.1007/s00262-013-1500-0

Chen, N., Zhou, M., Dong, X., Qu, J., Gong, F., Han, Y., et al. (2020).
Epidemiological and clinical characteristics of 99 cases of 2019 novel
coronavirus pneumonia in wuhan, China: A descriptive study. Lancet 395
(10223), 507–513. doi:10.1016/s0140-6736(20)30211-7

Coperchini, F., Chiovato, L., Croce, L., Magri, F., and Rotondi, M. (2020). The
cytokine storm in COVID-19: An overview of the involvement of the chemokine/
chemokine-receptor system. Cytokine Growth Factor Rev. 53, 25–32. doi:10.1016/j.
cytogfr.2020.05.003

Daly, J. L., Simonetti, B., Klein, K., Chen, K. E., Williamson, M. K., Antón-
Plágaro, C., et al. (2020). Neuropilin-1 is a host factor for SARS-CoV-2 infection.
Science 370 (6518), 861–865. doi:10.1126/science.abd3072

Darvin, P., Toor, S. M., Nair, V. S., and Elkord, E. (2018). Immune checkpoint
inhibitors: Recent progress and potential biomarkers. Exp. Mol. Med. 50, 1–11.
doi:10.1038/s12276-018-0191-1

Edlow, A. G., Li, J. Z., Collier, A. Y., Atyeo, C., James, K. E., Boatin, A. A., et al.
(2020). Assessment of maternal and neonatal SARS-CoV-2 viral load,
transplacental antibody transfer, and placental pathology in pregnancies during
the COVID-19 pandemic. JAMA Netw. Open 3 (12), e2030455. doi:10.1001/
jamanetworkopen.2020.30455

Gu, C., Limberg, B. J., Whitaker, G. B., Perman, B., Leahy, D. J., Rosenbaum, J. S.,
et al. (2002). Characterization of neuropilin-1 structural features that confer binding
to semaphorin 3A and vascular endothelial growth factor 165. J. Biol. Chem. 277
(20), 18069–18076. doi:10.1074/jbc.M201681200

Hamming, I., Timens, W., Bulthuis, M. L., Lely, A. T., Navis, G., and van Goor, H.
(2004). Tissue distribution of ACE2 protein, the functional receptor for SARS
coronavirus. A first step in understanding SARS pathogenesis. J. Pathol. 203 (2),
631–637. doi:10.1002/path.1570

Hoffmann, M., Kleine-Weber, H., Schroeder, S., Krüger, N., Herrler, T., Erichsen,
S., et al. (2020). SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor. Cell 181 (2), 271–280. e278. doi:10.
1016/j.cell.2020.02.052

Holshue, M. L., DeBolt, C., Lindquist, S., Lofy, K. H., Wiesman, J., Bruce, H., et al.
(2020). First case of 2019 novel coronavirus in the United States.N. Engl. J. Med. 382
(10), 929–936. doi:10.1056/NEJMoa2001191

Hosier, H., Farhadian, S. F., Morotti, R. A., Deshmukh, U., Lu-Culligan, A.,
Campbell, K. H., et al. (2020). SARS-CoV-2 infection of the placenta. J. Clin. Invest.
130 (9), 4947–4953. doi:10.1172/jci139569

Huang, C., Wang, Y., Li, X., Ren, L., Zhao, J., Hu, Y., et al. (2020). Clinical features
of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 395
(10223), 497–506. doi:10.1016/s0140-6736(20)30183-5

Hwang, Y. C., Lu, R. M., Su, S. C., Chiang, P. Y., Ko, S. H., Ke, F. Y., et al. (2022).
Monoclonal antibodies for COVID-19 therapy and SARS-CoV-2 detection.
J. Biomed. Sci. 29 (1), 1. doi:10.1186/s12929-021-00784-w

Ibrahim, I. M., Abdelmalek, D. H., Elshahat, M. E., and Elfiky, A. A. (2020).
COVID-19 spike-host cell receptor GRP78 binding site prediction. J. Infect. 80 (5),
554–562. doi:10.1016/j.jinf.2020.02.026

Jayaweera, M., Perera, H., Gunawardana, B., and Manatunge, J. (2020).
Transmission of COVID-19 virus by droplets and aerosols: A critical review on
the unresolved dichotomy. Environ. Res. 188, 109819. doi:10.1016/j.envres.2020.
109819

Kolarič, A., Jukič, M., and Bren, U. (2022). Novel small-molecule inhibitors of the
SARS-CoV-2 spike protein binding to neuropilin 1. Pharm. (Basel) 15 (2), 165.
doi:10.3390/ph15020165

Kuderer, N. M., Choueiri, T. K., Shah, D. P., Shyr, Y., Rubinstein, S. M., Rivera,
D. R., et al. (2020). Clinical impact of COVID-19 on patients with cancer
(CCC19): A cohort study. Lancet 395 (10241), 1907–1918. doi:10.1016/s0140-
6736(20)31187-9

Langford, B. J., So, M., Raybardhan, S., Leung, V., Westwood, D., MacFadden, D.
R., et al. (2020). Bacterial co-infection and secondary infection in patients with
COVID-19: A living rapid review and meta-analysis. Clin. Microbiol. Infect. 26 (12),
1622–1629. doi:10.1016/j.cmi.2020.07.016

Li, D., Sempowski, G. D., Saunders, K. O., Acharya, P., and Haynes, B. F. (2022).
SARS-CoV-2 neutralizing antibodies for COVID-19 prevention and treatment.
Annu. Rev. Med. 73, 1–16. doi:10.1146/annurev-med-042420-113838

Li, T., Fan, J., Wang, B., Traugh, N., Chen, Q., Liu, J. S., et al. (2017). Timer: A web
server for comprehensive analysis of tumor-infiltrating immune cells. Cancer Res.
77 (21), e108–e110. doi:10.1158/0008-5472.Can-17-0307

Li, T., Fu, J., Zeng, Z., Cohen, D., Li, J., Chen, Q., et al. (2020). TIMER2.0 for
analysis of tumor-infiltrating immune cells. Nucleic Acids Res. 48 (W1),
W509–w514. doi:10.1093/nar/gkaa407

Liang, W., Guan, W., Chen, R., Wang, W., Li, J., Xu, K., et al. (2020). Cancer
patients in SARS-CoV-2 infection: A nationwide analysis in China. Lancet. Oncol.
21 (3), 335–337. doi:10.1016/s1470-2045(20)30096-6

Lin, B., Ferguson, C., White, J. T., Wang, S., Vessella, R., True, L. D., et al. (1999).
Prostate-localized and androgen-regulated expression of the membrane-bound
serine protease TMPRSS2. Cancer Res. 59 (17), 4180–4184.

Liu, C., Zhao, Y., Okwan-Duodu, D., Basho, R., and Cui, X. (2020a). COVID-19 in
cancer patients: Risk, clinical features, and management. Cancer Biol. Med. 17 (3),
519–527. doi:10.20892/j.issn.2095-3941.2020.0289

Liu, X., Liu, C., Liu, G., Luo, W., and Xia, N. (2020b). COVID-19: Progress in
diagnostics, therapy and vaccination. Theranostics 10 (17), 7821–7835. doi:10.7150/
thno.47987

Liu, X., Meng, X., Peng, X., Yao, Q., Zhu, F., Ding, Z., et al. (2021). Impaired
AGO2/miR-185-3p/NRP1 axis promotes colorectal cancer metastasis. Cell Death
Dis. 12 (4), 390. doi:10.1038/s41419-021-03672-1

Marchand-Senecal, X., Kozak, R., Mubareka, S., Salt, N., Gubbay, J. B., Eshaghi,
A., et al. (2020). Diagnosis and management of first case of COVID-19 in Canada:
Lessons applied from SARS-CoV-1. Clin. Infect. Dis. 71 (16), 2207–2210. doi:10.
1093/cid/ciaa227

Martens, M., Ammar, A., Riutta, A., Waagmeester, A., Slenter, D. N., Hanspers,
K., et al. (2021). WikiPathways: Connecting communities. Nucleic Acids Res. 49
(D1), D613–d621. doi:10.1093/nar/gkaa1024

Morin, E., Lindskog, C., Johansson, M., Egevad, L., Sandström, P., Harmenberg,
U., et al. (2020). Perivascular Neuropilin-1 expression is an independent marker of
improved survival in renal cell carcinoma. J. Pathol. 250 (4), 387–396. doi:10.1002/
path.5380

Paijens, S. T., Vledder, A., de Bruyn, M., and Nijman, H. W. (2021). Tumor-
infiltrating lymphocytes in the immunotherapy era. Cell. Mol. Immunol. 18 (4),
842–859. doi:10.1038/s41423-020-00565-9

Frontiers in Genetics frontiersin.org15

Huang et al. 10.3389/fgene.2022.995736

https://doi.org/10.1016/j.cell.2018.10.014
https://doi.org/10.1038/s41423-020-0450-7
https://doi.org/10.1038/s41423-020-0450-7
https://doi.org/10.1038/s41571-020-00442-4
https://doi.org/10.1038/nrc1388
https://doi.org/10.1038/nrc2628
https://doi.org/10.1038/s41588-020-00759-x
https://doi.org/10.1056/NEJMoa1509981
https://doi.org/10.1136/thoraxjnl-2015-207020
https://doi.org/10.1126/science.abd2985
https://doi.org/10.1080/22221751.2020.1719902
https://doi.org/10.1016/j.neo.2017.05.002
https://doi.org/10.1007/s00262-013-1500-0
https://doi.org/10.1016/s0140-6736(20)30211-7
https://doi.org/10.1016/j.cytogfr.2020.05.003
https://doi.org/10.1016/j.cytogfr.2020.05.003
https://doi.org/10.1126/science.abd3072
https://doi.org/10.1038/s12276-018-0191-1
https://doi.org/10.1001/jamanetworkopen.2020.30455
https://doi.org/10.1001/jamanetworkopen.2020.30455
https://doi.org/10.1074/jbc.M201681200
https://doi.org/10.1002/path.1570
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1056/NEJMoa2001191
https://doi.org/10.1172/jci139569
https://doi.org/10.1016/s0140-6736(20)30183-5
https://doi.org/10.1186/s12929-021-00784-w
https://doi.org/10.1016/j.jinf.2020.02.026
https://doi.org/10.1016/j.envres.2020.109819
https://doi.org/10.1016/j.envres.2020.109819
https://doi.org/10.3390/ph15020165
https://doi.org/10.1016/s0140-6736(20)31187-9
https://doi.org/10.1016/s0140-6736(20)31187-9
https://doi.org/10.1016/j.cmi.2020.07.016
https://doi.org/10.1146/annurev-med-042420-113838
https://doi.org/10.1158/0008-5472.Can-17-0307
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1016/s1470-2045(20)30096-6
https://doi.org/10.20892/j.issn.2095-3941.2020.0289
https://doi.org/10.7150/thno.47987
https://doi.org/10.7150/thno.47987
https://doi.org/10.1038/s41419-021-03672-1
https://doi.org/10.1093/cid/ciaa227
https://doi.org/10.1093/cid/ciaa227
https://doi.org/10.1093/nar/gkaa1024
https://doi.org/10.1002/path.5380
https://doi.org/10.1002/path.5380
https://doi.org/10.1038/s41423-020-00565-9
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.995736


Pascarella, G., Strumia, A., Piliego, C., Bruno, F., Del Buono, R., Costa, F., et al.
(2020). COVID-19 diagnosis and management: A comprehensive review. J. Intern.
Med. 288 (2), 192–206. doi:10.1111/joim.13091

Poeta, V. M., Massara, M., Capucetti, A., and Bonecchi, R. (2019). Chemokines
and chemokine receptors: New targets for cancer immunotherapy. Front. Immunol.
10, 379. doi:10.3389/fimmu.2019.00379

Raghav, S., Ghosh, A., Turuk, J., Kumar, S., Jha, A., Madhulika, S., et al. (2020).
Analysis of Indian SARS-CoV-2 genomes reveals prevalence of D614G mutation in
spike protein predicting an increase in interaction with TMPRSS2 and virus
infectivity. Front. Microbiol. 11, 594928. doi:10.3389/fmicb.2020.594928

Rivera, D. R., Peters, S., Panagiotou, O. A., Shah, D. P., Kuderer, N. M., Hsu, C. Y.,
et al. (2020). Utilization of COVID-19 treatments and clinical outcomes among
patients with cancer: A COVID-19 and cancer consortium (CCC19) cohort study.
Cancer Discov. 10 (10), 1514–1527. doi:10.1158/2159-8290.Cd-20-0941

Roschewski, M., Lionakis, M. S., Sharman, J. P., Roswarski, J., Goy, A., Monticelli,
M. A., et al. (2020). Inhibition of Bruton tyrosine kinase in patients with severe
COVID-19. Sci. Immunol. 5 (48), eabd0110. doi:10.1126/sciimmunol.abd0110

Roth, L., Nasarre, C., Dirrig-Grosch, S., Aunis, D., Crémel, G., Hubert, P., et al.
(2008). Transmembrane domain interactions control biological functions of
neuropilin-1. Mol. Biol. Cell 19 (2), 646–654. doi:10.1091/mbc.e07-06-0625

Rothe, C., Schunk, M., Sothmann, P., Bretzel, G., Froeschl, G., Wallrauch, C., et al.
(2020). Transmission of 2019-nCoV infection from an asymptomatic contact in
Germany. N. Engl. J. Med. 382 (10), 970–971. doi:10.1056/NEJMc2001468

Ru, B., Wong, C. N., Tong, Y., Zhong, J. Y., Zhong, S. S. W., Wu, W. C., et al.
(2019). Tisidb: An integrated repository portal for tumor-immune system
interactions. Bioinformatics 35 (20), 4200–4202. doi:10.1093/bioinformatics/btz210

Shi, J., Wen, Z., Zhong, G., Yang, H., Wang, C., Huang, B., et al. (2020).
Susceptibility of ferrets, cats, dogs, and other domesticated animals to SARS-
coronavirus 2. Science 368 (6494), 1016–1020. doi:10.1126/science.abb7015

Shu, L., Liu, Y., Li, J., Wu, X., Li, Y., and Huang, H. (2021). Landscape profiling
analysis of DPP4 in malignancies: Therapeutic implication for tumor patients with
coronavirus disease 2019. Front. Oncol. 11, 624899. doi:10.3389/fonc.2021.624899

Sica, A., Colombo, M. P., Trama, A., Horn, L., Garassino, M. C., Torri, V., et al.
(2020). Immunometabolic status of COVID-19 cancer patients. Physiol. Rev. 100
(4), 1839–1850. doi:10.1152/physrev.00018.2020

Simossis, V. A., and Heringa, J. (2005). Praline: A multiple sequence alignment
toolbox that integrates homology-extended and secondary structure information.
Nucleic Acids Res. 33, W289–W294. Web Server issue). doi:10.1093/nar/gki390

Sit, T. H. C., Brackman, C. J., Ip, S. M., Tam, K. W. S., Law, P. Y. T., To, E. M. W.,
et al. (2020). Infection of dogs with SARS-CoV-2. Nature 586 (7831), 776–778.
doi:10.1038/s41586-020-2334-5

Song, Y., Zeng, S., Zheng, G., Chen, D., Li, P., Yang, M., et al. (2021). FOXO3a-
driven miRNA signatures suppresses VEGF-A/NRP1 signaling and breast cancer
metastasis. Oncogene 40 (4), 777–790. doi:10.1038/s41388-020-01562-y

Su, S., Wong, G., Shi, W., Liu, J., Lai, A. C. K., Zhou, J., et al. (2016). Epidemiology,
genetic recombination, and pathogenesis of coronaviruses. Trends Microbiol. 24 (6),
490–502. doi:10.1016/j.tim.2016.03.003

Sun, D., Wang, J., Han, Y., Dong, X., Ge, J., Zheng, R., et al. (2021). Tisch: A
comprehensive web resource enabling interactive single-cell transcriptome
visualization of tumor microenvironment. Nucleic Acids Res. 49 (D1),
D1420–d1430. doi:10.1093/nar/gkaa1020

Tang, Z., Kang, B., Li, C., Chen, T., and Zhang, Z. (2019). GEPIA2: An enhanced
web server for large-scale expression profiling and interactive analysis.Nucleic Acids
Res. 47 (W1), W556–w560. doi:10.1093/nar/gkz430

Thorsson, V., Gibbs, D. L., Brown, S. D., Wolf, D., Bortone, D. S., Ou Yang, T. H.,
et al. (2018). The immune landscape of cancer. Immunity 48 (4), 812–830. e814.
doi:10.1016/j.immuni.2018.03.023

Uddin, M. H., Zonder, J. A., and Azmi, A. S. (2020). Exportin 1 inhibition as
antiviral therapy. Drug Discov. Today 25 (10), 1775–1781. doi:10.1016/j.drudis.
2020.06.014

Uhlén,M., Fagerberg, L., Hallström, B.M., Lindskog, C., Oksvold, P., Mardinoglu,
A., et al. (2015). Proteomics. Tissue-based map of the human proteome. Science 347
(6220), 1260419. doi:10.1126/science.1260419

Vankadari, N., and Wilce, J. A. (2020). Emerging WuHan (COVID-19)
coronavirus: Glycan shield and structure prediction of spike glycoprotein and its
interaction with human CD26. Emerg. Microbes Infect. 9 (1), 601–604. doi:10.1080/
22221751.2020.1739565

Varga, Z., Flammer, A. J., Steiger, P., Haberecker, M., Andermatt, R., Zinkernagel,
A. S., et al. (2020). Endothelial cell infection and endotheliitis in COVID-19. Lancet
395 (10234), 1417–1418. doi:10.1016/s0140-6736(20)30937-5

Vescarelli, E., Gerini, G., Megiorni, F., Anastasiadou, E., Pontecorvi, P., Solito, L.,
et al. (2020). MiR-200c sensitizes Olaparib-resistant ovarian cancer cells by
targeting Neuropilin 1. J. Exp. Clin. Cancer Res. 39 (1), 3. doi:10.1186/s13046-
019-1490-7

Walls, A. C., Park, Y. J., Tortorici, M. A., Wall, A., McGuire, A. T., and Veesler, D.
(2020). Structure, function, and antigenicity of the SARS-CoV-2 spike glycoprotein.
Cell 181 (2), 281–292. e286. doi:10.1016/j.cell.2020.02.058

Wang, C., Horby, P. W., Hayden, F. G., and Gao, G. F. (2020). A novel
coronavirus outbreak of global health concern. Lancet 395 (10223), 470–473.
doi:10.1016/s0140-6736(20)30185-9

Wang, Y., Zhang, H., and He, Y. W. (2019). The complement receptors C3aR and
C5aR are a new class of immune checkpoint receptor in cancer immunotherapy.
Front. Immunol. 10, 1574. doi:10.3389/fimmu.2019.01574

Woodruff, T. M., and Shukla, A. K. (2020). The complement C5a-C5aR1 GPCR
Axis in COVID-19 therapeutics. Trends Immunol. 41 (11), 965–967. doi:10.1016/j.
it.2020.09.008

Yan, R., Zhang, Y., Li, Y., Xia, L., Guo, Y., and Zhou, Q. (2020). Structural basis for
the recognition of SARS-CoV-2 by full-length human ACE2. Science 367 (6485),
1444–1448. doi:10.1126/science.abb2762

Yin, L., Li, J., Wang, J., Pu, T., Wei, J., Li, Q., et al. (2021). MAOA promotes
prostate cancer cell perineural invasion through SEMA3C/PlexinA2/NRP1-
cMET signaling. Oncogene 40 (7), 1362–1374. doi:10.1038/s41388-020-
01615-2

Zang, R., Gomez Castro, M. F., McCune, B. T., Zeng, Q., Rothlauf, P. W., Sonnek,
N. M., et al. (2020). TMPRSS2 and TMPRSS4 promote SARS-CoV-2 infection of
human small intestinal enterocytes. Sci. Immunol. 5 (47), eabc3582. doi:10.1126/
sciimmunol.abc3582

Zhang, H., Han, H., He, T., Labbe, K. E., Hernandez, A. V., Chen, H., et al. (2021).
Clinical characteristics and outcomes of COVID-19-infected cancer patients: A
systematic review and meta-analysis. J. Natl. Cancer Inst. 113 (4), 371–380. doi:10.
1093/jnci/djaa168

Zhao, M. M., Yang, W. L., Yang, F. Y., Zhang, L., Huang, W. J., Hou, W.,
et al. (2021). Cathepsin L plays a key role in SARS-CoV-2 infection in humans
and humanized mice and is a promising target for new drug
development. Signal Transduct. Target. Ther. 6 (1), 134. doi:10.1038/
s41392-021-00558-8

Zheng, J. (2020). SARS-CoV-2: An emerging coronavirus that causes a global
threat. Int. J. Biol. Sci. 16 (10), 1678–1685. doi:10.7150/ijbs.45053

Zhou, P., Yang, X. L., Wang, X. G., Hu, B., Zhang, L., Zhang, W., et al. (2020). A
pneumonia outbreak associated with a new coronavirus of probable bat origin.
Nature 579 (7798), 270–273. doi:10.1038/s41586-020-2012-7

Zhu, N., Zhang, D., Wang, W., Li, X., Yang, B., Song, J., et al. (2020). A novel
coronavirus from patients with pneumonia in China, 2019. N. Engl. J. Med. 382 (8),
727–733. doi:10.1056/NEJMoa2001017

Frontiers in Genetics frontiersin.org16

Huang et al. 10.3389/fgene.2022.995736

https://doi.org/10.1111/joim.13091
https://doi.org/10.3389/fimmu.2019.00379
https://doi.org/10.3389/fmicb.2020.594928
https://doi.org/10.1158/2159-8290.Cd-20-0941
https://doi.org/10.1126/sciimmunol.abd0110
https://doi.org/10.1091/mbc.e07-06-0625
https://doi.org/10.1056/NEJMc2001468
https://doi.org/10.1093/bioinformatics/btz210
https://doi.org/10.1126/science.abb7015
https://doi.org/10.3389/fonc.2021.624899
https://doi.org/10.1152/physrev.00018.2020
https://doi.org/10.1093/nar/gki390
https://doi.org/10.1038/s41586-020-2334-5
https://doi.org/10.1038/s41388-020-01562-y
https://doi.org/10.1016/j.tim.2016.03.003
https://doi.org/10.1093/nar/gkaa1020
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1016/j.drudis.2020.06.014
https://doi.org/10.1016/j.drudis.2020.06.014
https://doi.org/10.1126/science.1260419
https://doi.org/10.1080/22221751.2020.1739565
https://doi.org/10.1080/22221751.2020.1739565
https://doi.org/10.1016/s0140-6736(20)30937-5
https://doi.org/10.1186/s13046-019-1490-7
https://doi.org/10.1186/s13046-019-1490-7
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1016/s0140-6736(20)30185-9
https://doi.org/10.3389/fimmu.2019.01574
https://doi.org/10.1016/j.it.2020.09.008
https://doi.org/10.1016/j.it.2020.09.008
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1038/s41388-020-01615-2
https://doi.org/10.1038/s41388-020-01615-2
https://doi.org/10.1126/sciimmunol.abc3582
https://doi.org/10.1126/sciimmunol.abc3582
https://doi.org/10.1093/jnci/djaa168
https://doi.org/10.1093/jnci/djaa168
https://doi.org/10.1038/s41392-021-00558-8
https://doi.org/10.1038/s41392-021-00558-8
https://doi.org/10.7150/ijbs.45053
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1056/NEJMoa2001017
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.995736

	Characterization of the SARS-CoV-2 co-receptor NRP1 expression profiles in healthy people and cancer patients: Implication  ...
	Introduction
	Materials and methods
	Pathway analysis
	Homology analysis
	HPA database analysis
	Differential expression analysis in pan-cancers
	TISCH database analysis
	GEPIA2 database analysis
	Correlation analysis of NRP1 expression and immune characteristics
	Bulk RNA-seq and snRNA-seq analysis of NRP1 expression in COVID-19 patients
	Analysis of NRP1 expression in human cancer cell lines
	Statistical analysis

	Results
	NRP1 is involved in SARS-CoV-2 infection
	NRP1 is highly conserved
	Expression of NRP1 in healthy human tissues
	Expression of NRP1 in healthy human lungs
	Expression of NRP1 in lungs of COVID-19 patients
	NRP1 protein concentration in plasma
	Expression profile of NRP1 in malignant tumors
	NRP1 isoform usage and structure across pan-cancers
	Comparison of NRP1 and ACE2 expression levels in tumor and matched normal tissues
	Expression of NRP1 in lungs of NSCLC patients
	Prognostic significance of NRP1 in pan-cancers
	NRP1 expression correlated with immune environment in pan-cancers

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


