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The coronavirus disease 2019 (COVID-19) pandemic, induced by the pathogenic severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has spread rapidly all over the world. There is considerable variability among neonates, children, and adults in the incidence of infection and severe disease following exposure to SARS-CoV-2. In our study, we analyzed the transcriptome data of primate animal model of Rhesus monkeys to evaluate the expression levels of possible SARS-CoV-2 receptors and proteases and immunologic features in the lungs, colons, livers, and brains at different developmental stages. Our results revealed that ACE2 and TMPRSS2 were highly expressed in neonates compared with other populations, which imply the high incidence of infection. Other potential receptors and Type II transmembrane serine proteases (TTSPs) and cathepsin of endosomal proteases also exhibited dynamic and differential expression patterns. The expression of receptors (ACE2, BSG, and DPP4) and proteases (TMPRSS2, TMPRSS9, CTSL, and CTSB) were highly correlated during lung development, suggesting the high susceptibility of the lungs. TMPRSS9 was specifically highly expressed in the lungs and reached the highest level in neonates, similar to TMPRSS2. Moreover, the immune cell infiltration analysis revealed immunity immaturity in neonates, implying the association with the mild or moderate type of COVID-19. The results might help researchers design protective and therapeutic strategies for COVID-19 in populations at different ages.
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INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic, caused by the novel coronavirus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has spread rapidly all over the world with significant public health concerns. By September 14, 2020, the COVID-19 pandemic has resulted in approximately 29 million cases and over 9,22,000 deaths worldwide. In China, there have been over 90,000 confirmed cases and 4,700 deaths1. Despite the worldwide spread, the epidemiological and clinical patterns of the COVID-19 remain largely unclear among neonates and children. The epidemiological characteristics of pediatric patients with COVID-19 in China have indicated that young children, particularly infants, were vulnerable to SARS-CoV-2 infection (Dong et al., 2020). Moreover, neonatal cases showed that similar to older children, most neonates with COVID-19 were asymptomatic (20%) or had mild (48%) and moderate (20%) signs of clinical infection (Liguoro et al., 2020). Similarly, in the United States, 27% of the pediatric cases that tested positive were asymptomatic, while only 7% of adults were asymptomatic (Rawat et al., 2020). A higher proportion of asymptomatic carriers in neonates and children could make them effective carriers to spread the viruses (Gandhi et al., 2020). There is an urgent need to identify the molecular mechanisms that mediate viral entry, propagation, and viral susceptibility in this population.

The types of human cells and tissues targeted by SARS-CoV-2, its potential receptors, and associated mediators for cellular entry are still largely unknown. Both SARS-CoV-2 and SARS-CoV use cell membrane-bound angiotensin-converting enzyme 2 (ACE2) as one of the main receptors for entry into host cells with the help of associated proteases such as transmembrane protease serine 2 (TMPRSS2) for S protein priming (Hoffmann et al., 2020; Radzikowska et al., 2020). CD147 (BSG) has been recently shown to act as a receptor for SARS-CoV-2 in cell lines of epithelial origin, which is also a putative receptor for SARS-CoV-2, HIV-1, and measles for entry to host cells (Radzikowska et al., 2020). ACE2 is a human homology of ACE (Tipnis et al., 2000). The expression of ACE2 is dynamically changed with age; it was reported that ACE2 mRNA is expressed in the lungs and trachea shortly after birth, downregulated during childhood, and expressed at high levels in late adulthood again in alveolar epithelial cells (Inde et al., 2020). Other potential receptors related to coronavirus include DPP4, ANPEP, ENPEP, CD209, and CLEC4G (Bassendine et al., 2020; Qi et al., 2020). The host cell proteases, Type II transmembrane serine proteases (TTSPs), and cathepsin family of endosomal proteases, which play a crucial role in the entry process for S protein priming, are essential for viral infectivity (Simmons et al., 2013). TTSPs activate a wide range of viruses such as SARS, Middle East respiratory syndrome (MERS) coronaviruses, human metapneumoviruses, and influenza viruses (Shin and Seong, 2017). There are 17 members of human TTSPs identified so far (Bugge et al., 2009). The cathepsin family of endosomal proteases is required for proteolytic processing of several viruses during entry into host cells (Johnson et al., 2009). Cell culture studies demonstrated that activation of SARS and MERS coronavirus could be accomplished by the endosomal cysteine proteases, cathepsin L (CTSL), and cathepsin B (CTSB) (Zhou et al., 2015). Whether these mediators are dynamically and deferentially expressed in the developmental process of fetuses, neonates, and adults could elucidate the pathophysiology of these populations at different age status.

It has been reported that compared with those of adult patients, the clinical manifestations of pediatric COVID-19 cases were generally less severe (Liguoro et al., 2020). Case series of hospitalized pediatric patients in Wuhan, China, indicated that systemic inflammation rarely occurred in pediatric patients with COVID-19, while aggravated inflammatory responses were frequently observed in adults with COVID-19 (Wu H. et al., 2020). The innate immune and adaptive immune cells develop and mature during fetal life and after birth. Their functions are weak in newborns and young children than in later life and resulted in diminished cytokine responses as compared with those in adults (Simon et al., 2015). The immunologic features related to the clinical outcomes of COVID-19 in fetuses, neonates, and children may further explain this manifestation from the developmental perspective.

Since there is lack of data of the viral susceptibility of SARS-CoV-2 in fetuses and neonates of human beings, we utilized the primate animal model of Rhesus monkeys to evaluate the expression of SARS-CoV-2-related receptors, associated proteases, and immunologic features in different developmental stages and different organs. Our study gives a further perspective of infection potential of SARS-CoV-2 and its impact on fetal, neonatal, and adult Rhesus monkeys on the gene expression level.



MATERIALS AND METHODS


Rhesus Macaques and Gene Expression Data

Gene expression data of developmental tissues from Rhesus monkeys were obtained from previously published studies (Xu et al., 2016; Yu et al., 2016). The data were provided in the form of normalized gene expression levels of reads per kilobase of transcript per million mapped reads (RPKM). The dataset included tissues of the lungs, liver, brain, and colon mucosa from Rhesus macaques at different developmental stages. The development time points included early stage (45–70 days, n = 2), middle stage (100 days, n = 3), antenatal stage (137–163 days, n = 3), neonatal stage (post born 4–7 days, n = 3), and adult (post born 5–8 years, n = 3). The animal study was approved by the institutional ethics committee as declared in the original literature (Yu et al., 2016).



Gene Expression Analysis

Gene expression levels of 29 mediators potentially involved in the SARS-CoV-2 infection process were comprehensive evaluated. These genes include confirmed receptors for SARS-CoV-2 (ACE2 and BSG) (Hoffmann et al., 2020; Radzikowska et al., 2020), potential receptors for SARS-CoV-2 (DPP4, ANPEP, ENPEP, CD209, CLEC4G, and ACE) (Bassendine et al., 2020; Qi et al., 2020; Tipnis et al., 2000), protease mediating SARS-CoV-2 entry (TMPRSS2) (Hoffmann et al., 2020), other potential proteases of the transmembrane protease serine families mediating SARS-CoV-2 entry (TMPRSS11D, TMPRSS11E, TMPRSS11A, TMPRSS11B, TMPRSS1, TMPRSS2, TMPRSS3, TMPRSS4, TMPRSS5, TMPRSS6, TMPRSS7, TMPRSS9, TMPRSS10, TMPRSS13, TMPRSS15, and ST14) (Bugge et al., 2009; Simmons et al., 2013; Shin and Seong, 2017), and the potential proteases of the cathepsins mediating SARS-CoV-2 entry (CTSB, CTSL, CTSS, CTSC, and CTSD) (Johnson et al., 2009; Zhou et al., 2015). TMPRSS11C was excluded due to its absence in the transcriptome data. The spatiotemporal expression pattern of these genes during monkey development were illustrated by heatmap and tendency chart.



Immunologic Characteristics

The immunologic characteristics of developmental tissues were calculated by using the MCP-counter, an estimator for abundance of tissue infiltrating immune cells by gene expression profiles (Becht et al., 2016). The R package “MCPcounter” was employed to estimate the expression scores of eight immune cells, including T cells, CD8 + T cells, B lineage, NK cells, cytotoxic lymphocytes, monocytic lineage, myeloid dendritic cells, and neutrophils. In addition, this study also analyzed the gene expression levels of 15 cytokines, which may be involved in cytokine release syndrome in patients with severe COVID-19 (Guzik et al., 2020; Pedersen and Ho, 2020; Wang et al., 2020; Zhang H. et al., 2020).



Statistical Analysis

Gene expression profiles of candidate genes or expression scores of immune cells were visualized by using the R package “pheatmap” (Version 1.0.10). Expression trends of specified genes along with developmental time were fitted by the Lowess method using the R package “ggplot2” (Version 3.1.0). The Pearson correlation analysis was employed to estimate the gene expression correlation among candidate genes with the use of R package “corrplot” (Version 0.84). The statistical differences of immune cell scores or gene expression levels among different developmental stages were calculated by using unpaired Student’s t-test. Multiple tests were adjusted by using the Benjamini and Hochberg method. All statistical analyses were performed by using the R software (Version 3.5.1). A p < 0.05 was considered as statistically significant.



RESULTS


Spatiotemporal Gene Expression of Severe Acute Respiratory Syndrome Coronavirus 2 Infection-Related Mediators During Rhesus Monkey Development

The overview of spatiotemporal expression patterns of SARS-CoV-2 infection-associated genes among four organs is depicted in Figure 1. Considering the SARS-CoV-2 receptors and transmembrane protease serine families, tissues from the colon, liver, and lungs exhibited similar gene expression patterns, which were quite different from those of the brain (Figure 1, top and middle panels). The brain tissues had very low expression levels of these genes, except for BSG. However, the expression patterns of cathepsins were more likely to be consistent among the four organs (Figure 1, bottom panel). We found that ACE, TMPRSS2, TMPRSS13, ST14, and CTSS were specifically expressed in lung and colon tissues (Figure 1). Very interestingly, the highest expression level of ACE2 was observed in colon tissues, as compared with that in the lungs and livers. There were also organ-specifically expressed genes, including TMPRSS9 in the lungs, CLEC4G and TMPRSS6 in the liver. Moreover, both ACE2 and TMPRSS2 were nearly not expressed in brain tissues (Figure 1).
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FIGURE 1. Spatiotemporal expression of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection mediators in Rhesus monkey development. The heatmap represents gene expression value [log2(RPKM + 1)] of tissues from four organs at different developmental stages, including early (F45d–F70d), middle (F100d), and antenatal (F157d) stages of fetuses, neonates (post born 5–7 days), and adults (post born 5–7 years).




Expression Trend of Specific Genes During Lung and Colon Development

ACE2 has been demonstrated to be the receptor of SARS-CoV-2 on target cells according to current evidence (Hoffmann et al., 2020; Li et al., 2020; Radzikowska et al., 2020; Zhang H. et al., 2020). Although ACE2 was expressed at relatively low levels in lung tissues (Figure 1), it was gradually elevated from fetal periods to neonatal stage (Figure 2A). At the neonatal stage, ACE2 reached the highest level, which declined subsequently in the adult lungs. Similar patterns were found in the expression of ACE and DPP4, which increased from early fetal stages to late fetal stages and stabilized in the neonatal and adult stages. In particular, the expression of BSG was at relatively high levels at all developmental stages of the lungs. TMPRSS2, which helps cellular entry of virus, was expressed at a low level in early fetal lungs and was significantly elevated during lung development (Figure 2B). A similar expression trend was observed for TMPRSS9 but declined at the adult stage. The expression levels of CTSL and CTSB were increased in the fetal–neonatal periods and were slightly declined at the adult stage (Figure 2B). Collectively, these data suggested that most receptors and proteases involved in SARS-CoV-2 infection were consistently elevated during lung development and reached the highest level at the neonatal stage.
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FIGURE 2. Dynamic expression of eight genes during lung and colon development. Gene expression value of receptors (A) and proteases (B) along with developmental times are presented for the lungs (red) or colon (cyan). The trend curves were fitted by using LOESS method, with standard errors, as shown by shadows.


Some patients with COVID-19 were reported to present diarrhea symptoms (D’Amico et al., 2020), so we explored the gene expression patterns in the colon mucosa. However, most receptor genes (ACE2, ACE, and DPP4) were increased in the fetal periods but then dominantly decreased after delivery (Figure 2A). This expression pattern was quite different from that of the proteases, which showed an increasing trend (TMPRSS2) or a “V” shape (CTSL and CTSB) along with colon development (Figure 2B).



Expression Correlation of Specific Genes in the Development of Four Organs

We next analyzed the expression correlation of SARS-CoV-2 infection-associated genes in the development by using the Pearson correlation method. In lung development, the expression of putative SARS-CoV-2 receptors (ACE2, ACE, BSG, and DPP4) and proteases (TMPRSS2, TMPRSS9, CTSL, and CTSB) was highly correlated, with coefficient r more than 0.6 in most cases (Figure 3A). Particularly, the expression of ACE2 was significantly correlated with that of TMPRSS2 (r = 0.66, p = 0.01), TMPRSS9 (r = 0.81, p < 0.001) and CTSL (r = 0.63, p = 0.015). Similar correlation patterns were observed for ACE and DPP4, both of which were significantly correlated with the four proteases (Figure 3A). The highly correlated gene expression of receptors and proteases putatively involved in SARS-CoV-2 infection suggested that the lungs are highly susceptible to SARS-CoV-2.
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FIGURE 3. Correlation analysis of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection mediators in monkey development. Correlation map represents the Pearson correlation coefficient between each pair of genes. The bottom bars indicate the color legends of the Pearson correlation coefficient r. Results are shown in the lungs (A), colon (B), brain (C), and liver (D).


On the other hand, the expression correlations between receptors and proteases in the colons, brains, and livers were much weaker than those observed in the lungs (Figures 3B–D). Especially, there was no statistically positive correlation of ACE2 expression with any of the four proteases in the three organs.



Immunologic Features of Rhesus Monkeys at Different Developmental Stages

In spite of the higher expression levels of ACE2 and TMPRSS2 in neonates compared with adults, the clinical manifestations of pediatric COVID-19 cases were generally less severe. We then sought to explore the differences in immune characteristics between the two populations. By using the MCP-counter, we investigated the immune features of innate and adoptive immune cells in developmental tissues among four organs. Results showed that the majority of immune cells were highly infiltrated in the lungs and colons, especially in adults (Figure 4A). In lung tissues, the expression scores of T cells, CD8 + T cells, B cells, NK cells, and cytotoxic lymphocytes were significantly higher in adults than in neonates (Figure 4B, all adjusted p < 0.05). However, there were no statistically significant differences for the immune profiles between antenatal fetuses and neonates. The expression profiles of 15 cytokines related to cytokine release syndrome were also explored in lung development (Figure 4C). Although interleukin (IL)-6 expression levels were comparable between adults and neonates, the expression levels of IL-1β (adjusted p = 0.061) and TNF-α (adjusted p = 0.061) tended to be higher in adults than in neonates (Figure 4D).
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FIGURE 4. Immune features of four organs in monkey development. (A) Gene expression scores of immune cell populations in developmental tissues. (B) Five immune cells are elevated in adult lungs. (C) Expression profiles of 15 cytokines. (D) IL-1β and TNF-α are elevated in adult lungs. P-value was calculated by unpaired Student’s t-test and adjusted by using the Benjamini and Hochberg method for multiple tests. Note: *, adjusted p < 0.05.




DISCUSSION

The mechanisms about SARS-CoV-2 cellular entry and epidemiological features of COVID-19 disease need to be continuously explored. However, current data have been reported mainly from adult patients with COVID-19, while the infection patterns of children, especially fetuses and neonates, still remain unclear. In this study, we explored the expression levels of SARS-CoV-2 cellular entry-related receptors and protease genes in the lungs, colons, livers, and brains of Rhesus monkey in different developmental stages of F45d–F70d (early stage), F100d (middle stage), and F157d (antenatal stage) of fetuses, neonates (post born 5–7 days), and adults (post born 5–7 years).

The roles of ACE2 and TMPRSS2 have been confirmed in SARS-CoV-2 cellular entry activities (Hoffmann et al., 2020; Ziegler et al., 2020). However, for the first time, our data pointed out that these two partners have consistent trends during the lung development of Rhesus monkeys, which kept rising from fetuses to neonates and then declined in adults, implying the highest viral susceptibility in the population of neonates. Meanwhile, the expression patterns were organ specific since tissues from the colon, liver, and lungs exhibited similar gene expression patterns, while there was almost no expression of ACE2 and TMPRSS2 in the brains. There is evidence that SARS-CoV-2 might have a different way of infection to the cerebral nervous system (Qiao et al., 2020). Moreover, the highest expression level of ACE2 was observed in colon tissues, which may explain the presenting symptom of diarrhea in COVID-19 patients. An increasing number of diarrhea cases are reported (D’Amico et al., 2020). In COVID-19 patients, SARS-CoV-2 was reported to be detected in feces, suggesting the fecal–oral transmission (Wu Y. et al., 2020). The expression of ACE2 exhibits heterogeneity; it was reported that ACE2 gene expression in the nasal epithelium and the lung airways was lower in children than in adults (Bunyavanich et al., 2020; Saheb Sharif-Askari et al., 2020) and that ACE2 mRNA is expressed in the lungs and trachea shortly after birth, downregulated during childhood, and expressed at high levels in late adulthood again in alveolar epithelial cells (Inde et al., 2020). Considering the high viral susceptibility and frequent defecation in infants, there should be more careful nursing measures for this population under COVID-19 risk.

However, it is still not clear whether other coronavirus-related receptors and enzymes could also activate SARS-CoV-2 for spread in target host cells. We studied a broad range of receptors including DPP4, ANPEP, ENPEP, CD209, and CLEC4G, which have been reported to be involved in the cellular entry of coronaviruses (Bassendine et al., 2020; Qi et al., 2020). Meanwhile, we investigated the dynamic expression levels of two major protease families, TTSPs, and cathepsin. The findings of our study showed that TMPRSS2, TMPRSS13, ST14, and CTSS exhibited specific high expression levels in the lungs and colons, which were preferentially targeted by SARS-CoV-2, suggesting their possible involvement in virus cellular entry to these organs. During lung development, the expression of receptors (ACE2, BSG, and DPP4) and proteases (TMPRSS2, TMPRSS9, CTSL, and CTSB) were highly correlated, implying the high susceptibility to SARS-CoV-2 of the lungs.

TMPRSS9 has been identified as a candidate gene that may be involved in biological pathways leading to respiratory symptoms (Zeng et al., 2019). Our results indicated that TMPRSS9 was specifically highly expressed in the lungs and reached the highest level in Rhesus monkeys at the neonatal stage like TMPRSS2. The Pearson correlation coefficient analysis indicated that expression of ACE2 was significantly correlated with that of TMPRSS9 (r = 0.81, p < 0.001). Moreover, for COVID-19 patients, except for fever (32%) and feeding intolerance (24%), dyspnea was the most common reported sign in neonatal age (40%) (Liguoro et al., 2020). Therefore, whether TMPRSS9 might play a role in SARS-CoV-2 lung infection processes needs to be further explored in the future.

The clinical manifestations of pediatric COVID-19 cases were generally less severe than those of adults (Liguoro et al., 2020), while information on immune features associated with disease severity is insufficient. It has been reported that SARS-CoV-2 caused more severe interstitial pneumonia in old Rhesus monkeys than that in young monkeys (Yu et al., 2020). We compared the immunologic features of immune cells subgroups and cytokines among fetus, neonate, and adult populations at different developmental stages of Rhesus monkeys. The immune cell subgroup analysis showed that the expression scores of T cells, CD8 + T cells, B cells, NK cells, and cytotoxic lymphocytes in the lungs were significantly higher in adults than in neonates. The decreased expression of immune cells might protect them from serious pulmonary consequences in which immune cells release large amounts of proinflammatory cytokines that could cause serious damage to the host. These results revealed the immunity immaturity in neonates may be directly associated with the mild or moderate type of COVID-19 and make them efficient carriers with a high incidence of asymptomatic or mildly symptomatic infection.

The weak functions of innate immune and adaptive immune cells in newborns and young children could result in diminished cytokine responses as compared with those in adults (Simon et al., 2015). We analyzed 15 cytokines related to cytokine release syndrome in lung development of Rhesus monkeys and found that compared with those in neonates, levels of proinflammatory cytokine tumor necrosis factor α and IL-1β were significantly elevated in adults, and levels of IL-6 were comparable between adults and neonates, which might in part explain the less severe inflammatory responses in pediatric COVID-19 patients compared with adults. As for IL-6, it was reported that their levels were unchanged in moderate COVID-19 cases compared with mild cases (Wu H. et al., 2020), while other reports revealed that elevated IL-6 levels were observed during COVID-19 progression (Pedersen and Ho, 2020; Zhang C. et al., 2020). These results suggested that the regulation of IL-6 in COVID-19 progression is complicated and needs further exploration.

Although there was no confirmed conclusion of intrauterine transmission of SARS-CoV-2 from infected mothers with COVID-19 to their fetuses, possible vertical transmission of SARS-CoV-2 was reported in which a neonate born to a mother with COVID-19 was found to have elevated IgM and IgG antibody levels and abnormal cytokine test results 2 h after birth (Dong et al., 2020). Since IgM antibodies could not be transferred to the fetus via the placenta (Woo et al., 2004), the IgM antibody result suggests that the neonate was infected in utero. Our results could provide clinical management advice for pregnant women with suspected or confirmed COVID-19 infection by evaluating their miscarriage risk and the infection risk in fetuses due to the dynamic expression levels of possible SARS-CoV-2-related receptors and proteases. Moreover, the high risk of infection of neonates implied by the highest expression level of ACE2 and TMPRSS2 suggests that neonates should get the COVID-19 vaccine as soon as they were born if the vaccines are available.

We utilized the primate animal model of Rhesus monkeys to evaluate the dynamic expression of potential mediators of SARS-CoV-2 cellular entry since there is lack of data of the viral susceptibility of SARS-CoV-2 in fetuses and neonates of human beings. Although there are differences between these two species, these suggestive results have important implications in our fighting against COVID-19 pandemic. This study is limited by the small sample size, especially colon samples, and lack of data from young Rhesus monkeys at age status between neonates and adults. The lack of gender information also limits our research in the study of whether the expression of certain genes is affected by gender. Further study could include more samples of Rhesus monkeys at different ages of different genders and different organs to confirm this preliminary conclusion and reveal more details in the cellular entry mechanisms, infection patterns of SARS-CoV-2, and epidemiology and pathophysiology of COVID-19.
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