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Background: Neuropilin-1 (NRP1) is a significant molecular structure that participates in many diseases progress including
malignant tumors. However, its role in head and neck squamous cell carcinoma (HNSCC) remains to be uncovered. In this study,
we determined the function of NRP1 as a crucial biomarker in proliferation, metastasis and immunosuppression in HNSCC.
Methods: We collected samples of normal tissues (n = 18) and HNSCC tissues (n = 202) for immunohistochemical staining of NRP1
and evaluated its correlation to clinical prognostic characteristics. Furthermore, we enrolled 37 HNSCC patients received immune
checkpoint blockade (ICB) treatment with defined therapeutic effects records. The biological process, signal pathways, and immune
infiltration relevance to NRP1 were analyzed utilized transcriptome data from The Cancer Genome Atlas (TCGA).

Results: The NRP1 protein expression was significantly upregulated in HNSCC tissue and was associated with T stage, N stage,
histological differentiation, recurrence and NRP1 expression. The high expression of NRP1 indicated poor survival rate and was found
to be an independent prognosis factor. Enrichment analysis showed that NRP1 was associated with cell adhesion, extracellular matrix
organization, homophilic cell adhesion via plasma membrane in biological process and neuroactive ligand—receptor interaction, protein
digestion and absorption, calcium signal pathways. Moreover, NRP1 mRNA level was found positively correlated to cancer associated
fibroblast cells, Treg cells and macrophage/monocyte cells.

Conclusion: NRP1 might be likely to develop into a potential immunoregulation target as well as a predictive biomarker in HNSCC
immune treatment.
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Introduction
Head and neck cancer is identified as the 6th most common cancer worldwide and squamous cell carcinoma is the most
common subtype accounting for approximately 95% in head and neck malignant lesions." Though radical excision combined
with postoperative adjuvant radiotherapy, the overall survival does not improve obviously over the past three decades. Apart
from the traditional risk factors including smoking, alcohol®> and human papillomavirus (HPV) infection,*® immunosup-
pressive status and immune escape have been the hot research topics in recent years.”* Although some drugs of immune
checkpoint inhibitors have been approved by Food and Drug Administration (FDA), the responsivity is still at a low level.
Therefore, the mechanisms of immunosuppressive status and immune escape are urgently to be elucidated.

Neuropilin-1 (NRP1) is recognized as an important membrane-spanning protein that participates in many different
signaling pathways.”'° It has been reported to involve in metastasis and radiation resistance in tumor progression.'' "3
Generally, NRP1 serves as the ligands or co-receptors including semaphorin family members and vascular endothelial
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growth factor (VEGF).'®!'* In breast cancer, up regulation of the VEGF/NRP1 is associated with the enhancement of
epithelial-mesenchymal transition (EMT) process and the NF-kB, B-catenin signaling.'>'® Recently, NRP1 was found to
be an entrance of SARS-CoV-2 virus except ACE2 and simultaneously blocked NRP1/ACE2 and viral spike protein
integration might be a valuable treatment option.'”

Tumor-infiltrating immune cell is an important component of tumor associated microenvironment (TAM). In normal
tissue, the relative balance is maintained to keep the homeostasis of microenvironment, whereas such circumstance is
destroyed in the tumor, which in turn results in tumor progression and failure of anti-cancer therapies.'®2° Thus,
exploring the crosstalk pattern between tumor cell and TAM may help to improve the sensitive of immunotherapy. In this
research, immunohistochemical (IHC) analysis was performed to determine the expression level of NRP1 in normal and
HNSCC tissue. The association between NRP1 expression and the clinicopathological characteristics of HNSCC was
also investigated. Transcriptome data extracted from TCGA were analyzed to determine the role of NRP1 in HNSCC
including biological functions, signal pathways and correlation of infiltrating immune cells using bioinformatics methods.

Materials and Methods

Clinical Samples

This study was approved by the Ethical Committee of the Affiliated Stomatology hospital of Nanjing Medical University
(No. PJ2018-051-001). Patients were excluded if they accepted chemotherapy, radiotherapy, immunological/targeted
therapy before surgery. Finally, a total of 202 HNSCC tissues who received surgery at the Affiliated Stomatology
Hospital of Nanjing Medical University between 2009 and 2014 were included in this study. Besides, 18 normal oral
mucosa tissues were derived from 18 patients who received gingivectomy or blind pouch resection. Furthermore, we
enrolled 37 HNSCC patients received immune checkpoint blockade (ICB) treatment with defined therapeutic effects
records. All patients signed informed consents in this study. Clinicopathological characteristics of HNSCC patients were
collected and analyzed simultaneously. The clinical grading criteria was according to the 8th edition of the American
Joint Committee on Cancer (AJCC) staging system. The 4th edition of the head and neck tumors World Health
Organization classification of adopted to determine histopathological classification. The details of 202 primary
HNSCC patients and 37 ICB treatment HNSCC patients are provided in the Supplementary Table 1 and 2.

IHC and Scoring System

Paraffin-embedded HNSCC and normal tissues were dewaxed, rehydrated and antigen-retrieval by in 10 mmol/L citric acid
buffer (pH 6.0) for 15 minutes in microwave oven. After cooling to room temperature, endogenous peroxides activity was
eliminated using 3% hydrogen peroxide. Fifteen minutes later, the sides were washed 3 times with phosphate buffer saline (PBS)
and blocked with 5% bovine albumin for 1 h at room temperature. Whereafter, the primary antibody of Neuropilin-1(ab81321;
Abcam) was incubated at 4°C overnight. Next day, blots were washed 3 times with PBS and incubated with the Horseradish
peroxidase (HRP) for 1 h at room temperature. Finally, slides were developed color, counterstained with hematoxylin,
dehydrated, and sealed tablet using neutral gum. Three senior pathologists evaluated the staining reaction separately according
to the staining intensity and extent. The intensity was scored to 0—3 based on the color degree. The staining extent classification
was divided into 4 categories: 0 to 1 (0-25%), 1 to 2 (26-50%), 2 to 3 (51-75%), and 3 to 4 (76—100%). The final score equal to
above two scores multiplied (range, 1-12). According to the mean score, NRP1 expression was stratified high and low.

TCGA Data Acquisition and Analysis

HNSCC-related gene counts data was extracted from TCGA database (https:/portal.gdc.cancer.gov/). Gene Ontology

(GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were performed using
R software, version 4.1.0, and related packages (org. Hs. eg db, limma, clusterProfiler, ggplot2 and enrichplot). Gene set
enrichment analysis (GSEA) was performed to analyze gene function. The function and related signal pathways of NRP1
in HNSCC were explored based on the above results.
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Immune Infiltration Degree Analysis

TIMER2.0 online tool (http://timer.cistr ome.org/) was utilized to explore the relationship between NRP1 expression
level and immune infiltration degree. Six subtypes of tumor infiltrating immune cell, including B cells, CD8+ T cells, NK
cell, cancer associated fibroblast, Treg cell and macrophages were evaluated. CellMarker online database (http://biocc.
hrbmu.edu.cn/CellMarker/) was adopted to determine the biomarkers of immune cells include in our research and that

were used to further explore the association between NRP1 and immune cells.

Statistical Analysis

The relationship between NRP1 abundance and clinicopathological characteristics was analyzed using chi-square test. The

survival rate of HNSCC patient was evaluated by Kaplan—Meier method and compared by Log rank test. Univariate and

multivariate Cox regression models were performed to further explore whether NRP1 expression level was an independent

prognosis factor. All statistical tests were two-tailed Student’s #-test and values of P <0.05 were considered statistically significant.
The SPSS 26, GraphPad Prism v8 software and R 4.1.0 software were used in data analysis and mapping.

Results
NRPI Protein Abundance Analysis

There were 18 normal and 202 HNSCC tissues incorporated in this study. The expression localization of NRP1 is shown
in Figure 1A. We found that NRP1 protein was mainly expressed on the cytomembrane and weak or negative staining
was always examined in normal tissues (Figure 1B).

Based on the expression score of NRP1 protein, HNSCC samples were divided into low (n = 105) and high (n = 97)
subgroups. We then analyzed the correlation between NRP1 expression level and clinicopathological characteristics
(Table 1). It was shown that patients with higher T stage (Figure 1C) and lymph node metastasis (Figure 1D) always
exhibited significantly high expression of NRP1. Moreover, higher NRP1 expression implied more recurrence possibility
(Figure 1E). In summary, our results indicated that overexpression of NRP1 might accelerate tumor progression and
metastasis.

NRP| Abundance is Associated to HNSCC Patients’ Poor Prognosis

To determine the impact of NRP1 expression on HNSCC patients’ prognosis, we conducted Kaplan—Meier analysis of
overall survival and disease-free survival. As shown in Figure 2A and B, high expression of NRP1 obviously reduced
overall survival (P = 0.0003) and disease-free survival (P = 0.0043). We wondered whether the expression of NRP1 in
HNSCC patients could be an independent prognosis predicted marker and univariate and multivariate Cox proportional
hazard regression were utilized subsequently. As shown in Figure 2C and D, NRP1 expression level (HR = 1.76, 95% CI
1.12-2.77, P=0.015) as well as tumor size (T stage) (HR =2.08, 95% CI 1.18-3.68, P =0.012), lymph nodes metastasis (N
stage) (HR = 1.83, 95% CI 1.16-2.88, P =0.008), histological differentiation (HR =2.18, 95% CI 1.38-3.45, P =0.001) and
recurrence (HR = 7.93, 95% CI 4.93-12.76, P < 0.001) were significantly associated with overall survival in the univariate
survival analysis. After eliminated confounding factors, NRP1 expression level was confirmed as the independent
prognostic biomarker in HNSCC patients (HR = 1.65, 95% CI 1.04-2.60, P = 0.033).

Expression Level of NRPI mRNA and Enrichment Analysis in HNSCC Based on
TCGA

In this section, TCGA database was utilized to explore the transcriptome level and related functions of NRP1 in HNSCC.
Compared to normal tissue, the mRNA expression level of NRP1 was significantly higher in four subtypes of HNSCC
(Figure 3A). According to the NRP1 mRNA mean value, we categorized HNSCC patients into high-expression group (n
=204) and low-expression group (n = 296). There were 1272 genes significantly differential expressed, including 404 up-
regulation and 868 down-regulation (Figure 3B, log2FoldChange >1.5 folds, p < 0.05). Whereafter, the possible
biological functions and signal pathways of NRP1 were explored based on those differential expressed genes by GO
and KEGG enrichment. We also determined genes which were significantly related to NRP1 expression in HNSCC, and
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Figure | Overexpression of NRP| was associated with HNSCC progression. (A) Representative diagram of NRP| staining level on 202 HNSCC patient tissue samples and
normal oral mucosa epithelial (left: 100 um; right: 25 um). (B) Comparison of NRP| expression levels in HNSCC tissues and normal tissues. (C) Comparison of NRPI|
expression levels in different tumor size (T stage). (D) Comparison of NRPI expression levels in different lymph node status (N stage). (E) Comparison of NRP| expression

levels between recurrence and non-recurrence.

the top 20 were exhibited as heatmap in Figure 3C. The visualized GO enrichment result was shown in bubble chart
(Figure 3D). We could find that “cell adhesion”, “extracellular matrix organization”, “homophilic cell adhesion via
plasma membrane”, “collagen catabolic process”, “muscle filament sliding” were the top 5 counted biological process
related to NRP1 in HNSCC. The node diagram visualized the enrichment result of KEGG pathway, which indicated that
“Neuroactive ligand-receptor interaction”, “Protein digestion and absorption”, “Calcium signaling pathway”, “Cardiac
muscle contraction”, “Hypertrophic cardiomyopathy” were the top 5 pathways associated with NRP1 in HNSCC

(Figure 3E).

Relationships of NRP| and Degree of Immune Infiltration

Considering the adverse impact of NRP1 on the HNSCC prognosis, we wondered the possible means by which it
facilitated tumor progression. DNA methylation, an important epigenetic modification of eukaryotic genes, could
regulate genome function, and was treated as a significant mechanism in tumorigenesis and development. Thus, we
evaluated the methylation level of NRP1 in normal and HNSCC tissue using UALCAN (http://ualcan.path.uab.edu/).
Unfortunately, the difference was insignificant and scarcely any influence on the prognosis (Supplementary Figure 1).
Cbioportal tool (https://www.cbioportal.org/) has shown that the mutation frequency of NRP1 in HNSCC was less than
2% and the alteration did not show impact on the patients’ survival time (Supplementary Figure 2).
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Table | Expression of NRPI and its associations with clinicopathological
characteristics in 202 patients with HNSCC

Clinicopathological Characteristics NRPI P value
Low High

Gender 0.462
Male 67 (63.8%) | 57 (58.8%)
Female 38 (36.2%) | 40 (41.2%)

Age 0.407
<60 57 (54.3%) | 47 (48.5%)
>60 48 (45.7%) | 50 (51.5%)

Smoking 0.355
No 43 (41.0%) | 46 (47.4%)
Yes 62 (59.0%) | 51 (52.6%)

Alcohol 0.825
no 59 (41.9%) | 53 (46.4%)
yes 46 (58.1%) | 44 (53.6%)

T stage 0.281
TI-T2 95 (90.5%) | 83 (85.6%)
T3-T4 10 (9.5%) 14 (14.4%)

N stage 0.000
NO 87 (82.9%) | 29 (29.9%)
N+ 18 (17.1%) | 68 (70.1%)

Histological differentiation 0.436
GI-G2 62 (59.0%) | 52 (53.6%)
G3-G4 43 (41.0%) | 45 (46.4%)

Recurrence 0.036
No 92 (87.6%) | 74 (76.3%)
Yes 13 (12.4%) | 23 (23.7%)

Note: Bold indicates statistical significance, with P values <0.05.

Based on the gene set enrichment analysis (GSEA), immunological memory formation process, cytokine production
involved in immune response and negative regulation of immune response were recognized related to NRP1 expression
in HNSCC (Figure 4A). Thus, the infiltration level of immune cell in HNSCC was estimated using CIBERSORT
algorithm base on TIMER2.0 database (Figure 4B and C). The positive correlations between NRP1 expression and Treg
cells as well as macrophage M2. Meanwhile, negative correlations were found to T cell CD8+, B cell plasma and
macrophage M1. Besides, NRP1 showed significant positive correlations to multi-immune checkpoint genes (Figure 4D).
Various immune cell biomarkers associated with NRP1 are shown in Figure 4E, which have shown that B cell biomarkers
(PTPRC, CDS5), CD8+ T-cell biomarker (CD4), NK cell biomarker (CD16), Treg cell biomarkers (IL2RA, FOXP3, IL7R,
ENTPD1), M1 macrophage biomarkers (CD32, SELP, FCGR1A, CD80 and CD86) and M2 macrophage biomarkers
(CD163, MRC1 andCD209) were positively correlated with NRP1 expression. Interestingly, the NRP1 high expression
patients showed higher Tumor Immune Dysfunction and Exclusion (TIDE) score (Figure 4F) (P < 0.001), which meant
NRPI played an adverse role in the ICB treatment.

NRPI Might Be an Effective Predict Marker in ICB Treatment for HNSCC

To verify the relationships between NRP1 expression and the ICB treatment outcome, we further enrolled 37 HNSCC patients
received ICB therapy with defined therapeutic effects records. The IHC examinations showed NRP1 was upregulated in ICB
treatment nonresponse patients (Figure SA and B, P = 0.009). The univariate and multivariate logistic regression showed
NRP1 was an independent predictive biomarker in ICB treatment outcome (Figure 5C). Integrating the clinical features of

patients in this cohort, we constructed a nomogram in predicting the immunotherapy response (Figure 5D). This nomogram
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Figure 2 High level NRP| expression indicates poor prognosis in HNSCC patients. (A) Kaplan—Meier analysis of overall survival based on NRP| expression of HNSCC. (B)
Kaplan—Meier analysis of disease-free survival based on NRPI expression of HNSCC. (C) Univariate Cox proportional hazards regression analysis of patients with HNSCC.
(D) Multivariate Cox proportional hazards regression analysis of patients with HNSCC.

could predict the ICB response rate effectively with the favorable sensitivity (95.2%) and specificity (75.0%) (Figure SE-H).
By all means, more evidences were urgently needed to explore the usage of NRP1 as a biomarker for HNSCC immunotherapy.

Discussion

Targeted therapy provided a new concept in the treatment of malignancy tumor.'** However, the response ratio was still
too low to meet treatment need. Such deficiency mainly attributed to the heterogeneity of tumor and lack of effective
agent.”> As a result, for the vast majority of tumors, effective targeted agents were urgent to be detected for HNSCC
patients. Taking advantage of samples from HNSCC patients who visited Stomatology Hospital Affiliated to Nanjing
Medical University and TCGA database, the NRP1 function as a predicated biomarker of metastasis, invasion, and
communication with extracellular matrix was investigated. In this study, NRP1 content was significantly elevated in
HNSCC tissue compared to normal. The IHC and mRNA enrichment analyses indicated that overexpression of NRP1
significantly accelerated HNSCC tumor proliferation and metastasis via remodeling the tumor associated microenviron-
ment. The NRP1 protein purity could be an independent prognostic index for HNSCC patients.

In this study, the NRP1 mRNA and protein levels elevated simultaneously in HNSCC tissues, which was consistent
with other types of cancer reports, including lung, prostate, and gastric cancer. It was also positively associated with
T stage, N stage and tumor recurrence, implied its involvement of proliferation and metastasis. According to enrichment
analysis of biological process and signal pathway, NRP1 might play an irreplaceable role in the extracellular signal
reception and intracellular signal transduction. A recent investigation found that NRP1 sustained EGFR activation upon
cisplatin exposure and activated downstream MAPK/AKT pathways in vitro.>* Besides, NRP1 regulated p65-dependent
proliferation signaling pathway via activating cAMP responsive element binding protein (CREB).?> Additionally, NRP1
could enhance the migration and invasion ability of gastric cancer by activating Pi3k/Akt signaling pathway and induced
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epithelial-mesenchymal transformation (EMT).?® Yang et al demonstrated that the tumor immune evasion in cervical
cancer was attributed to NRP1 that was regulated by Far upstream element binding protein 1 (FUBP1).?” Furthermore, as
a transmembrane glycoprotein, NRP1 was confirmed to be a credible biomarker of tumor-initiating cells in lung cancer in
which NRP1+ lung cancer cells possessed tumor-initiating properties.”® Therefore, we speculated that NRP1 might be
used as a potential therapy target in HNSCC.

Apart from functions above-mentioned, the ability of remodeling tumor microenvironment by mediating the interaction
between tumor cells and immune associated cells, fibroblasts, or stromal cells were determined for NRP1. Our results showed
that high level NRP1 expression meant more cancer associated fibroblast cells (CAF), Treg cells and macrophage/monocyte cells
within tumor. It suggested that the function of NRP1 might be mediated by the immune system in HNSCC. Chen et al reported
that NRP1 could be up-regulated by IL-8 secreted by cancer-associated fibroblast cells, which subsequently promoted gallbladder
cancer cell proliferation.”” In T cell-specific NRP1 knockout mice, numbers of tumor-infiltrating Foxp3(+) Treg cells were
significantly reduced and CD8(+) T cells activation enhanced, which finally induced tumor growth reduction and tumor-free
survival improvement.*® Sohini Roy et al*' proved that tumor cells could drive the physiological roles of NRP1 in dendritic cells
and macrophages to promote tumor angiogenesis and tumor-associated immunosuppression. Moreover, the self-renewal of the
CD44+/PD1+/TCF1+/TIM3- progenitor exhausted T cells could be restricted by NRP1. That led to the ability of c-Jun/AP-1
expression reduction when T cell receptor restimulation. Blocking of NRP1, a unique “immune memory checkpoint”, may
prolong the memory of T cell and reduced the tumor relapse possibility.** The result of this preclinical study was in accordance to
our observation that high level expression of NRP1 patients tended to more likely to relapse (23.7% vs 12.4%, p =0.036). Hence,
our study suggested that NRP1 could be an ideal assisted targeted that increased the sensitivity and prolonged the efficacy of
immunotherapy.
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Figure 4 The correlations between NRPI mRNA expression and the level of immune infiltration. (A) GSEA analysis for the correlations between the immunological
memory formation process, cytokine production involved in immune response, negative regulation of immune response and the levels of NRPI mRNA in HNSCC according
to the TCGA database. (B and C) Immune infiltration assessment of HNSCC between different NRP| expression using CIBERSORT algorithm. (D) Correlations between
NRPI mRNA expression and immune checkpoint markers. (E) Heatmap exhibited the expression level of NRPI and immune cells biomarkers in HNSCC. (F) The TIDE
algorithm indicated significantly lower responsiveness in NRPI high expression patients. *P < 0.05, **P < 0.01, ***P < 0.001.

Meanwhile, many immune related markers, such as forkhead box P3 (FOXP3), fibroblast activation protein (FAP),

THY1, CD163 were also associated with NRP1 abundance as shown in Figure 4G. A retrospectively study

33 shown that

low content of FOXP3+ cells in tumor stroma was associated with favorable prognosis in triple-negative breast
carcinoma (TNBC). Overexpression of miR-30a-5p could inhibited cell proliferation, migration, and invasion by targeted
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Figure 5 NRP| might be a hopeful indicator in predicting the immunotherapy effect. (A) The representative images of NRP| staining in different immunotherapy response
patients. (B) NRPI is high expression in immunotherapy nonresponsive patients. (C) Univariate and multivariate logistic regression analysis of different response
immunotherapy patients is shown in forest plot. (D) The constructed nomogram for predicting the immunotherapy response of HNSCC patients. (E) The AUCs are
0.866 in the immunotherapy cohort. (F) The calibration plots indicate good agreement between the predicted probabilities and the actual results. (G) DCA curves indicate
the net benefit of the model in the immunotherapy cohort. (H) CIC curves indicate the predictive value of the model in the immunotherapy cohort.

Abbreviations: AUC, area under the curve; DCA, decision curve analysis; CIC, clinical impact curve.

FAP in oral cancerous tissues.** Elizabeth V Connor et al*> observed that THY 1 (CD90) was highly expressed in cancer
stem cells (CSCs) compared to non-CSCs in ovarian based on a high-throughput screen. Epithelial ovarian cancer cells
with THY1 high expression could increase its proliferation and self-renewal. Meanwhile, high CD163+/CD68+ ratio in
the tumor invasive front (TF) than that in tumor center (TC) was closely correlated with the enhancement of
lymphovascular invasion, neoplasm invasiveness and TNM stage. Higher CD163+/CD68+ TF ratio could also facilitate
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the EMT program and increased circulating tumor cells (CTCs) counts.*® Thus, the carcinogenesis of NRP1 was thought
to be associated with cancer stem cell properties, epithelial mesenchymal transformation and lymphovascular invasion.

There were still some limitations in our study. Firstly, the IHC staining scores were evaluated by the researchers that
the subjective bias may exist. Secondly, the transcriptome data in TCGA database were the total RNA isolation, and
different cell types were not separated within samples. Thus, it could hardly avoid the influence of other subgroup cells in
tumor tissues. Finally, the calculated bias existed in bioinformatic results, and the conclusion might be interpreted with
caution.

Conclusion

In general, our results indicate that NRP1 can be regarded as a significant biomarker to predict the HNSCC patients’
prognosis. It could also be a useful therapy target that can increase the sensitivity and prolong the efficacy of
immunotherapy.
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