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Background: Clinical features of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection seem to differ in children compared to that in adults. It has been hypothesized that the lower clinical severity in children could be influenced by differential expression of the main host functional receptor to SARS-CoV-2, the angiotensin-converting enzyme 2 (ACE2), but data are still conflicting. To explore the origin of age-dependent clinical features of coronavirus disease 2019 (COVID-19), we comparatively evaluated the expression in children and adult subjects of the most relevant mediators of the SARS-CoV-2 infection: ACE2, angiotensin-converting enzyme 1 (ACE1), transmembrane serine protease-2 (TMPRSS2), and neuropilin-1 (NRP1), at upper respiratory tract and small intestine level.

Methods: The expression of ACE2, ACE1, TMPRSS2, and NRP1 in nasal epithelium and in small intestine epithelium was investigated by quantitative real-time PCR analysis.

Results: We found no differences in ACE2, ACE1, and TMPRSS2 expression in the nasal epithelium comparing children and adult subjects. In contrast, nasal epithelium NRP1 expression was lower in children compared to that in adults. Intestinal ACE2 expression was higher in children compared to that in adults, whereas intestinal ACE1 expression was higher in adults. Intestinal TMPRSS2 and NRP1 expression was similar comparing children and adult subjects.

Conclusions: The lower severity of SARS-CoV-2 infection observed in children may be due to a different expression of nasal NRP1, that promotes the virus interaction with ACE2. However, the common findings of intestinal symptoms in children could be due to a higher expression of ACE2 at this level. The insights from these data will be useful in determining the treatment policies and preventive measures for COVID-19.

Keywords: COVID-19, angiotensin-converting enzyme 2, transmembrane serine protease-2, neuropilin-1, healthy subjects


INTRODUCTION

Throughout the world, fewer cases of coronavirus disease 2019 (COVID-19) have been reported in children than in adults. Most infected children appear to have a milder course, more frequent gastrointestinal symptoms and have better outcomes overall (1–8). Defining the mechanisms underlying this disease pattern maybe relevant for the development of effective public health strategies. It has been hypothesized that the lower risk among children could be influenced by differential expression of angiotensin-converting enzyme 2 (ACE2), which serves as the receptor used by SARS-CoV-2 for host entry (9, 10), but data on a possible age-dependent ACE2 expression pattern are still conflicting (11–16). Additionally, data on other cellular components involved in SARS-CoV-2 infection remain largely elusive. The spike glycoprotein of SARS-CoV-2 is processed by transmembrane serine protease-2 (TMPRSS2) prior to membrane fusion. Neuropilin-1 (NRP1) acts as transmembrane receptor able to bind the C terminus of the S1 protein, generated by furin cleavage, termed the “C-end rule” (CendR). Thus, TMPRSS2 is essential to release the viral content into the host cells (12), whereas NRP1 plays a pivotal role in increasing the infectivity of SARS-CoV-2 (17, 18).

We conducted a prospective observational study to comparatively evaluate the expression of ACE2, TMPRSS2, and NRP1 genes at two most relevant entry sites for SARS-CoV-2, the upper respiratory tract and the small intestine (9), in children and adult subjects. Angiotensin-converting enzyme 1 (ACE1) expression was also evaluated at both sites. ACE1 represents a positive regulator of the renin-angiotensin system (RAS) which promotes angiotensin II (AngII) conversion and subsequent vasoconstriction and inflammation (19). Inflammation is a key mechanism by which elevated Ang II signaling and ACE1/ACE2 imbalance cause cellular injury, aggravating the clinical severity of SARS-CoV-2 infection (20).



METHODS


Study Population

From May 19th to July 30th 2020, individuals of both sexes, all Caucasian, aged 1–10 years in the pediatric population and 20–80 years in the adult population, were consecutively evaluated at tertiary centers for pediatrics, gastroenterology, and otolaryngology for suspected respiratory or gastrointestinal organic disorders. Emerging data suggested that children younger than 10 years have lower susceptibility to SARS-CoV-2 infection than adults, with adolescents appearing to have similar susceptibility to adults (21–23). These data have been also highlighted in a recent systematic review and meta-analysis (24). Thus, we planned to evaluate two populations with well-distinct age ranges: the pediatric populations composed by children and pre-adolescents aged between 1 and 10 years, and the adult population composed by subjects aged between 20 and 80 years.

The inclusion criteria were subjects of both sexes aged between 1 and 10 years for the pediatric population and between 20 and 80 years for the adult population, necessity of full clinical, laboratory, endoscopic and histologic evaluation because the presence of the following symptoms from at least 4 weeks: abdominal pain, constipation, diarrhea and cough, with negative results for serological and PCR tests for SARS-CoV-2.

The exclusion criteria were positive history for immunodeficiencies, allergies, metabolic and genetic disorders, tumors, cystic fibrosis, malformations, cardiovascular diseases, hypertension, inflammatory bowel diseases, adverse food reactions, celiac disease, autoimmune disorders, infectious diseases, malnutrition, or any drug use in the previous 12 weeks.

The clinical status of the study subjects was carefully assessed by a multidisciplinary team composed of gastroenterologists, otolaryngologists, pediatricians (experienced in pediatric allergy and gastroenterology), pediatric nurses, and dietitians. The diagnostic work up also included the evaluation of SARS-CoV-2 infection using molecular swab PCR test (Allplex 2019-nCoV assay, Seegene, Inc, Seul, South Korea) and anti-SARS-CoV-2 IgG and IgM serum levels by chemiluminescent immunoassay (iFlash-SARS-CoV-2; Shenzhen Yhlo Biotech Co. Ltd.). These evaluations were performed at enrolment and after 7 days. At the end of the diagnostic work up, only subjects with negative results for all diagnostic procedures were considered for the study. For all subjects included in the study, a subsequent visit performed by the multidisciplinary team 6 months after the enrolment was also planned to assess the persistence of well-being status.



Sample Collection and Analysis

Nasal epithelial samples were collected using a cytology brush (EndoscanPlus, Medico, Melbourne, Australia), whereas small intestinal epithelial biopsies were collected during endoscopic procedures. The histologic features of all samples were evaluated by an experienced pathologist unaware of any relevant clinical information concerning the subjects. Samples were immediately placed in RNAlater (Thermo Fisher Scientific, Waltham, MA, USA) and stored at −80°C until analysis. Total RNA was extracted with the TRIzol reagent (Invitrogen, Thermo Scientific, Waltham, MA, USA). The samples were quantified using the NanoDrop 2000c spectrophotometer (Thermo Scientific) and RNA quality and integrity were assessed with the Experion RNA Standard Sense kit (Bio-Rad, Hercules, CA, USA). cDNA was synthesized with random primers using the SensiFASTcDNA Synthesis Kit (Bioline) on the CFX96 RealTime System instrument (Bio-Rad, Hercules, CA, USA). Quantitative real-time PCR (qRT-PCR) analysis was performed using the SensiFAST SYBR Hi-ROX Kit (Bioline) on the7900HT Fast Real-Time PCR System (Applied Biosystems) with the primers described in Table 1. Data analysis was performed using the comparative threshold cycle (CT) method and expressed as 2∧-delta CT (25). Gene expression was normalized against the expression of the reference gene hypoxanthine phosphoribosyltransferase 1 (HPRT).


Table 1. The primer sequences used for quantitative real-time PCR analysis.
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Ethics

The study protocol, the subject information sheet, the informed consent form, and the clinical chart were reviewed and approved by the Ethics Committee of the University of Naples Federico II (N.274/17/ESCOVID19; 18/05/2020). At the baseline, written and signed informed consent was obtained from all adult participants and from all parents/tutors of the minors. The study was conducted in accordance with the Helsinki Declaration (Fortaleza revision 2013), the Good Clinical Practice Standards (CPMP/ICH/135/95), and the current Decree-Law 196/2003 regarding personal data and all the requirements set out in the European regulations on this subject.



Statistical Analysis

Descriptive statistics were reported as means and standard deviations (SD) for continuous variables. To evaluate the differences among continuous variables, the independent sample t-test was performed.

The level of significance for all statistical tests was 2-sided, p < 0.05. All data were collected in a dedicated database and analyzed by a statistician using GraphPad Prism 7 (La Jolla, CA, USA).




RESULTS

A total of 38 children and 35 adult subjects were evaluated for the study. Eight children and five adults were excluded because of the presence of allergies (n = 4), infections (n = 4), food intolerances (n = 3), celiac disease (n = 1), and inflammatory bowel disease (n = 1). Thus, 30 children and 30 adult subjects were finally considered for the enrolment.

Among 15 children who underwent to endoscopic procedure, nine complained of abdominal pain and diarrhea, one abdominal pain and constipation, and five diarrhea. Among 15 adult subjects who underwent to endoscopic procedure, twelve complained of abdominal pain and diarrhea, and three diarrhea.

All these subjects presented negative results of the diagnostic work up, including endoscopic and histologic evaluation, peripheral cell blood count, transaminases, inflammatory biomarkers and COVID-19 screening tests. None of these subjects presented organic conditions and/or COVID-19 infection during the 6 months follow up after sampling. Main demographic and clinical features of the study population are summarized in the Table 2.


Table 2. Main demographic and clinical features of the study population.
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We found no significant difference in ACE2 and ACE1 expression in the nasal epithelium comparing children and adult subjects. A similar expression pattern was also observed for TMPRSS2. In contrast, the NRP1 expression in the nasal epithelium resulted 1.6 fold-time higher in adults than in children (p = 0.00045) (Figure 1). In the small intestine, we observed that ACE2 expression was 2.5 fold-time higher in children compared to that observed in adults, whereas the ACE1 expression was 3.7 fold-time higher in adults than in children. Lastly, similar intestinal expression of TMPRSS2 and NRP1 was observed in the two study populations (Figure 2).
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FIGURE 1. qPCR analysis of Angiotensin I Converting Enzyme (ACE1), Angiotensin II Converting Enzyme (ACE2), Transmembrane Serine Protease 2 (TMPRSS2), and Neuropilin-1 (NRP1) genes in nasal epithelium from children and adult subjects. Comparative expression of ACE1, ACE2, TMPRSS2, and NRP1 in nasal epithelium of children (n = 15) and adult subjects (n = 15). Data analysis was performed using the comparative threshold cycle (CT) method and expressed as 2∧-delta CT. Gene expression was normalized against the expression of the reference gene hypoxanthine phosphoribosyltransferase 1 (HPRT). Data are expressed as median ± SD, the X in the bars indicates mean values. P-value are reported in the graphs; significant differences are indicated as *p < 0.01; **p < 0.005.
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FIGURE 2. qPCR analysis of Angiotensin I Converting Enzyme (ACE1), Angiotensin II Converting Enzyme (ACE2), Transmembrane Serine Protease 2 (TMPRSS2), and Neuropilin-1 (NRP1) genes in small intestine from children and adult subjects. Comparative expression of ACE1, ACE2, TMPRSS2, and NRP1 in small intestine of children (n = 15) and adult subjects (n = 15). Data analysis was performed using the comparative threshold cycle (CT) method and expressed as 2∧-delta CT. Gene expression was normalized against the expression of the reference gene hypoxanthine phosphoribosyltransferase 1 (HPRT). Data are expressed as median ± SD, the X in the bars indicates mean values. P-value are reported in the graphs; significant differences are indicated as *p < 0.01; **p < 0.005.


Comparing the expression of these SARS-CoV-2 mediators at two different sites, the ACE2 and ACE1 expression levels were respectively 120–200 fold-time and 15–30 fold-time higher at intestinal level compared to that observed in nasal epithelium. Small intestinal TMPRSS2 expression was 2 fold-time higher if compared to that observed in nasal epithelium. NRP1 expression was similar at the two sites (Figures 1, 2).



DISCUSSION

It has been hypothesized that differential expression of ACE2 could be responsible for the general lower severity of SARS-CoV-2 infection in children, but data are still conflicting (3–6, 26). In this study, we focused on the expression of the molecular mediators that regulate the SARS-CoV-2 entry into host cells: the ACE2 receptor, that acts as molecular doorway to the virus; the serine protease TMPRSS2, that is employed by SARS-CoV-2 for spike protein priming (9–14); and the NRP1, a SARS-CoV-2 co-receptor, that enhances the ability of SARS-CoV-2 to enter and potentiates the infection in host cells (17, 18).

We observed similar ACE2 and TMPRSS2 expression in the upper respiratory tract in children and adult subjects. On the contrary, the NRP1 expression at this level resulted significantly lower in children. This data is well in line with recent evidence suggesting a different expression of NRP1 in neonates and adults (27). The relevance of this finding is well-supported by recent evidence suggesting an important role exerted by NRP1 in driving the clinical severity of COVID-19 (17, 18).

In agreement with previous data (28–30), we found that ACE2 expression in the small intestine was more than 100 times higher than that in the respiratory epithelium. This finding supports the concept that the gut could be an active site for SARS-CoV-2 replication (31). However, its expression was more abundant in the small intestine of children compared to that in adult subjects. In contrast, ACE1 expression was lower in children, and intestinal TMPRSS2 and NRP1 expression was similar in the two study populations. Apparently these data are in contrast with what observed in small intestinal specimens collected from patients affected by inflammatory bowel diseases where similar ACE2 and TMPRSS2 expression was reported comparing pediatric vs. adult subjects (14), or in tissue specimens collected from allergic patients (5) or with data deriving from the analysis of public gene expression datasets (32). It should be considered that these data derived mainly from subjects affected by inflammatory conditions, whereas the strength of our study is the evaluation of a well-characterized population of subjects free of any organic conditions, in which we evaluated the main mediators of SARS-CoV-2 infection.

The main limitations of our study are the relatively low number of observations, the absence of subjects between the ages of 10 and 20 or older than 80 years and the absence of data concerning other potential co-factors involved in the COVID-19 pathogenesis.

The results obtained in this study suggest that the lower severity of SARS-CoV-2 infection observed in children may be due to a different expression in the respiratory tract of NRP1, the pivotal co-receptor that enhance SARS-CoV-2 entry into the host cells (17, 18). This data also support the potential role of NRP1 as therapeutic target against COVID-19, as suggested by others (33).

It has been observed that gastrointestinal symptoms could be more frequent in pediatric COVID-19 cases (1, 2, 5, 34). These clinical features could be due to a different expression of ACE2 and ACE1 in the small intestine of children. In fact, the combination of higher ACE1 with lower ACE2 expression may facilitate angiotensin II (AngII)-mediated vasoconstriction, inflammation and fibrosis, thereby aggravating the severity of SARS-CoV-2-induced gastrointestinal symptoms (20, 35, 36).

Other co-factors may confer protection against SARS-CoV-2 in children, including cross-reactive humoral and T-cell immunity between common coronaviruses and SARS-CoV-2, protective Th2 immunity, different reactivity of innate immunity response, and lower production of inflammatory cytokines (7, 37, 38). Emerging evidence suggest also a role of anti-oxidant nuclear factor (erythroid –derived-2)-like 2 (Nrf-2) -interacting foods, genetic predisposition and gut microbiota composition and function to regulate the immune system response in patients with COVID-19 (39–41). Additionally, higher prevalence of comorbidities in adults, as compared to children, could also contribute to different clinical features and outcomes.

In conclusion, our study suggests a difference in the NRP1 and of ACE2/ACE1 expression between pediatric and adult populations, which may contribute to explain the different age-related clinical patterns of SARS-CoV-2 infection. The better definition of all these co-factors will be useful in determining future treatment policies and preventive measures against COVID-19.
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