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Coronavirus Disease 2019 (COVID-19) pandemic led to 7 million deaths and more than 770 million confirmed cases worldwide. The Spike glycoprotein (SP) is responsible for recognizing and binding to angiotensin converting enzyme-2 (ACE-2) in the host cell membrane and seems to modulate host cellular signaling pathways. Here, we investigate the effects of SP (stabilized in prefusion conformation) in human umbilical vein endothelial cells (HUVEC-C) lineage on the ACE-2 expression profile and in cell glucose metabolism. Our data indicate that SP binds to ACE-2, is internalized by HUVEC-C cells, and positively modulates ACE-2 expression. In addition, SP alone induces a transient increase in glucose uptake and a decrease in lactate production, characterizing itself as a metabolic regulating protein. The present study is the first to demonstrate that SP induces a slight change in cell metabolism, promotes the overexpression of ACE-2 and its increased availability in the membrane of endothelial cells in a time-dependent fashion.
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INTRODUCTION
In the 3 years since the Coronavirus disease-19 (COVID-19) pandemic was declared by the World Health Organization (WHO), over 770 million people have been infected worldwide and more than 7 million people died.1 COVID-19 is a respiratory disease characterized by flu-like symptoms that can evolve into severe respiratory distress and death (Lopes-Pacheco et al., 2021). Its causative agent, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has a 26–32 kb long single-stranded positive-sense RNA genome with two open reading frames (ORFs) that generate the polyproteins Pp1a and Pp1ab, containing all the non-structural proteins (Nsp1-16), and multiple subgenomic RNAs that encode the structural proteins (Wang et al., 2020; Lopes-Pacheco et al., 2021). Among them, the Spike glycoprotein (SP) is a key component of the virus particle since it is responsible for recognizing and binding to angiotensin-converting enzyme 2 (ACE-2) in the host cell membrane. It also triggers receptor-mediated endocytosis and promotes viral and endosomal membrane fusion; therefore it is crucial for proper virus entry within the cell (Huang et al., 2020; Walls et al., 2020). In general, besides its role in the cell entry process (Li, 2016), coronaviruses SP modulate host cellular signaling pathways, including i) activation of angiotensin II receptor type 1 (AT1) receptors and the downstream mitogen-activated protein kinase/nuclear factor kappa B (MAPK/NFκB) pathway, ii) enhancement of Janus associated kinase (JAK) and signal transducer and activator transcription factor (STAT) interaction, and iii) induction of mitogen-activated protein kinase kinase (MEK) phosphorylation (Patra et al., 2020; Suzuki et al., 2021; Zhou et al., 2021). Likewise, overexpression of SP is shown to modulate ACE-2 expression and exert a controversial role in SARS-CoVs’ pathophysiology (Kuba et al., 2005; Lei et al., 2020; Patra et al., 2020; Zhou et al., 2021; Singh et al., 2022).
Understanding the effects of SP in different ACE-2-expressing cells is extremely relevant for showing its potential antagonistic role during disease pathogenesis and to anticipate any eventual adverse effect of SP-based vaccines. Endothelial injury and increased vascular permeability are important features of COVID-19 that contribute to vascular damage and organ failure (Lei et al., 2020; Ragab et al., 2020). Recent data indicate that changes in glycolytic metabolism is a key feature for endothelial damage (Icard et al., 2021; Santos et al., 2021). Since endothelial cells express high levels of ACE-2 and are very susceptible to SARS-CoV-2 infection (Ma et al., 2020; Varga et al., 2020), we evaluated the toxicity, ACE-2 expression profile, and metabolic reprogramming of human endothelial cells exposed to recombinant SARS-CoV-2 SP. The present study is the first to demonstrate that SP does not induce toxicity in endothelial cells but promotes ACE-2 overexpression, increases glucose uptake, and reduces intracellular lactate availability. The results presented in the current study contribute to understanding the initial cellular responses triggered by the interaction of SP to its membrane receptor and propose a new role for SP in the pathophysiology of SARS-CoV-2.
MATERIALS AND METHODS
Cell culture and SARS-CoV-2 SP
Human-derived umbilical vein endothelial cells (HUVEC-C, ATCC) were cultivated in F-12 Ham’s medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% PenStrep antibiotics (Gibco). Cells were cultured in a humid atmosphere incubator with 5% CO2 at 37°C. Cultures were propagated every 48 h or until 90% confluence before treatment with recombinant SARS-CoV-2 SP protein following the conditions established for each assay. The trimeric spike protein of SARS-COV-2 stabilized in the prefusion conformation was expressed in stable recombinant HEK293 cells according to Alvim et al. (2022), and was kindly provided by the Cell Culture Engineering Laboratory of COPPE/Universidade Federal do Rio de Janeiro. Detailed information about the SP construct is described by Wrapp and colleagues (Wrapp et al., 2020).
Flow cytometry assays
SARS-CoV-2 spike protein binding and uptake
HUVEC cells were incubated with SP at 50 μg/mL for 30 min at 37°C for the uptake assay and at 4°C for the binding assay. Then, cells were washed twice with PBS 1x (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4 and 2 mM KH2PO4), detached with trypsin for 5 min at 37°C, and fixed with 4% paraformaldehyde. For the uptake assay, after the fixation step, cells were incubated in permeabilization solution (PBS, 0.5% BSA and 0.1% triton x-100). Cells were then incubated with anti-SP monoclonal antibody (GeneTex, GTX632604) for 1 h followed by incubation with Alexa Fluor 488 conjugated-anti-mouse IgG antibody (Invitrogen). Finally, cells were resuspended in PBS 1x prior to analysis using BD FACSCalibur (BD Biosciences).
ACE-2 membrane availability
For measurement of ACE-2 expression, HUVEC cells were treated with SP at either 2.5 or 15 μg/mL for 2, 4, and 16 h before analysis by flow cytometry. Cells were first washed twice with PBS 1x (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4 and 2 mM KH2PO4), detached with trypsin for 5 min at 37°C, fixed with 4% paraformaldehyde, and incubated in blocking solution (PBS, 0.5% BSA). After this step, cells were incubated with anti-ACE-2 monoclonal antibody (Abcam, ab108252) for 1 h followed by incubation with Alexa Fluor 488 conjugated-anti-mouse IgG antibody (Invitrogen). Finally, cells were resuspended in PBS 1x prior to analysis using BD FACSCalibur (BD Biosciences).
HUVEC-C cells were incubated with SP at 50 μg/mL for 30 min at 37°C for the uptake assay and at 4°C for the binding assay. To measure ACE-2 expression, the cells were treated with SP at either 2.5 μg/mL or 15 μg/mL for 2, 4, and 16 h before analysis by flow cytometry. Cells were first washed twice with PBS, detached with trypsin for 5 min at 37°C, fixed with 4% paraformaldehyde, and incubated in permeabilization solution (PBS, 0.5% BSA, and 0.1% triton x-100). After this step, cells were incubated with either anti-ACE-2 monoclonal antibody (Abcam, ab108252) or anti-S monoclonal antibody (GeneTex, GTX632604) for 1 h followed by incubation with Alexa Fluor 488 conjugated-anti-mouse IgG antibody (Invitrogen). Finally, cells were resuspended in PBS 1x (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4) before analysis using BD FACSCalibur (BD Biosciences).
Cell death
Cell viability was determined by labeling the cells with Annexin-V and Propidium iodide (PI) as recommended by the manufacturer. After incubation, cells were washed twice with PBS and detached with trypsin-EDTA solution for 5 min at 37°C. Then DMEM medium supplemented with 10% fetal bovine serum was added, and the cells were centrifuged. About 106 cells were resuspended in buffer solution (BD PharMingen), and Annexin-V and PI were added and incubated in the dark for 15 min. Cells were acquired in a FACSCalibur (BD Biosciences) flow cytometer. Data from both experiments were analyzed using the FlowJO software.
MTT assays
HUVEC-C cells were treated with SP (2.5, 7.5, and 15 μg/mL) for 16 h or 15 μg/mL for 2, 4, and 16 h at 37°C with 5% CO2 before assessment of cell viability by MTT colorimetric assay. After treatments, culture media were discarded, and fresh culture medium containing 5 mM MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide—Invitrogen] was added into each well. The cells were incubated at 37°C with 5% CO2 for 4 h in a humid atmosphere. DMSO was used to dissolve MTT crystals, and the absorbance was measured at 540 nm. Each condition was analyzed in triplicate, and the final data resulted from three independent experiments.
Glucose uptake and lactate measures
Glucose uptake and lactate were measured with Promega Corporation luminescent kits (Glucose Uptake-Glo™ Assay and Lactate-Glo™ Assay) following the manufacturer’s instructions. HUVEC-C cells grown in 96-well plates were treated with 15 μg/mL of the recombinant SARS-CoV-2 spike protein for 1–4 h, and the luminescence readings were performed in a SpectraMax M5 (Molecular Devices) microplate reader.
RNA isolation and quantitative real-time PCR
Total RNA extraction from HUVEC-C cells treated with 15 μg/mL SP for 2 and 4 h was performed using PureLink™ RNA Mini Kit (Invitrogen, ThermoFisher Scientific). Total RNA was conversed into cDNA by using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). The reaction was carried out in a QuantStudio™ 3 Real-Time PCR System (ThermoFisher Scientific) using the Applied Biosystems Power SYBR® Green RT-PCR Reagents kit (ThermoFisher Scientific). All reactions were made in triplicate. Specific primers for the ACE-2 gene are:foward: 5′- GGGATCAGAGATCGGAAGAAGAAA—3′ and reverse: 5′- AGGAGGTCTGAACATCATCAGTG—3′. Human β-actin gene (ACTB) was used for normalization.
Statistical analysis
The data satisfied parametric assumptions and were expressed as the mean and SD. Repeat-measure analysis of variance (RM-ANOVA) followed by Dunnet’s Multiple Comparison Test was then conducted for statistical analysis, and statistical significance was established at p < 0.05. All tests were carried out in GraphPad Prism version 9.1.0 (GraphPad Software, San Diego, CA). FlowJo software v10.9 was used for flow cytometry analysis. At least three independent experiments were performed for each assay.
RESULTS
SARS-CoV-2 SP binds to and is internalized by HUVEC-C cells but does not induce significant cell toxicity
We first evaluated whether exposure to exogenous recombinant SP alone would result in membrane binding and uptake by HUVEC-C cells. As shown in Figure 1A, exogenous SP not only bound to membrane receptors, but it was also internalized by these cells. Previous literature shows that SP reduces around 70% Caco-2 cell viability after 24 h incubation (Corpetti et al., 2021), therefore, we assessed whether this toxicity would also occur in HUVEC-C cells. Incubation with 15 μg/mL of SP for up to 16 h reduced HUVEC-C cell viability in around 12% of cells, resulting in no statistical difference compared to non-treated cells (Figure 1B). This indicates that endothelial cells are more resistant to SP-induced toxicity. As some studies have demonstrated that SP overexpression induces cell death (Barhoumi et al., 2021; Li et al., 2021), this process was also investigated in HUVEC-C cells exposed to SP. Interestingly, significant induction of either early/late apoptosis or necrosis compared to non-treated cells after 2 or 4 h exposure to SP (Figures 1C, D) was not observed, suggesting that binding and internalization of SP is not enough to induce cell death in a short period of time.
[image: Figure 1]FIGURE 1 | Effects of SARS-CoV-2 SP in HUVEC-C cells. (A) Binding and uptake of SP by HUVEC-C cells, at a concentration of 50 μg/mL, were assessed by flow cytometry. MIF: Mean Fluorescence Intensity. (B) Percentage of cell viability after treatment with 15 μg/mL SP for 2, 4, and 16 h, assessed by MTT colorimetric assay. (C) Percentage of cell death (necrosis, early/late apoptosis) after HUVEC-C cells were exposed to SP for 2 h and 4 h, assessed by Annexin-PI staining in flow cytometry. (D) Flow cytometry dot blot of HUVEC-C cells exposed to 15 μg/mL SP. NT: non-treated cells.
SARS-CoV-2 SP increases ACE-2 expression and alters glucose metabolism
As most of exposed SP was internalized by HUVEC-C cells, and considering that ACE-2 is its major receptor, we investigated whether membrane ACE-2 expression levels were modulated by SP. ACE-2 expression in membranes of HUVEC-C cells after 2 h of SP exposure was significantly increased compared to non-treated cells (Figure 2A, p < 0.05). This phenomenon was not observed after 4 h of exposure. To understand whether this increment in ACE-2 levels was due to its increased expression or its re-localization to cell membranes, we performed a qPCR of HUVEC-C cells exposed to 15 μg/mL of SP for 2 and 4 h. As shown in Figure 2B, there was a significant increase in ACE-2 gene expression after 2 h of SP exposure compared to non-treated cells (p < 0.05), but it was not observed after 4 h, corroborating the previous result and suggesting that SP triggers an internal signal that culminates in the time-dependent ACE-2 overexpression.
[image: Figure 2]FIGURE 2 | Metabolic regulation mediated by SP in HUVEC-C cells. ACE2 availability (A) and expression (B) after 2, 4, and 16 h of exposure to 15 μg/mL SARS-CoV-2 SP. (C) Rate of glucose uptake in HUVEC-C cells after 1, 2, and 3 h of exposure to 15 μg/mL of SARS-CoV-2 SP. (D) Intracellular and (E) extracellular lactate measures in HUVEC-C cells after 1, 2, 3, and 4 h of exposure to 15 μg/mL of SARS-CoV-2 recombinant Spike protein. Statistical analyses were performed by using RM-Anova. These are the means of three independent experiments. NT = non-treated cells. MIF: Mean Fluorescence Intensity.
SARS-CoV-2 infection induces important changes in the glycolytic pathway, including the promotion of the Warburg effect in endothelial cells, which is associated with endothelial cell dysfunction (Icard et al., 2021; Santos et al., 2021). Therefore, we assessed whether SP could promote any change in glucose uptake as indicative of its role in aerobic glycolysis promoted by SARS-CoV-2. Interestingly, there was a significant increase in glucose uptake after 1 and 2 h (p < 0.05) of SP exposure compared to non-treated cells, but this effect was not observed after 3 h of SP incubation (Figure 2C). However, the glucose uptake increment did not reflect an increase in lactate production, since SP reduces intracellular lactate production after 2 h of exposure (Figure 2D) without increasing lactate release (Figure 2E). This indicates that internalized glucose should be moving toward a tricarboxylic acid (TCA) cycle instead of aerobic glycolysis. These data suggest that SP can modulate cell glycolytic metabolism by increasing glucose uptake and probably by driving it to the oxidative phosphorylation pathway in the first moments after binding to ACE-2/internalization by HUVEC-C cells.
DISCUSSION
Viruses are known to modulate several cellular processes, including protein expression and subcellular localization of key molecules, to allow a successful infection. Mapping which viral protein contributes to this process is of utmost importance to understanding the disease pathophysiology and providing new pharmacological targets for future antiviral development. In the case of SARS-CoV-2, literature has focused on depicting the role of nonstructural proteins during the metabolic changes induced by virus infection. In this study, we show that SARS-CoV-2 SP, a structural protein, can modulate ACE-2 availability in the human endothelial cell membrane and induce an increase in glucose uptake and a reduction of intracellular lactate production.
Several COVID-19 patients exhibited endothelitis (Varga et al., 2020) and the deregulation of vascular homeostasis is an important feature of COVID-19 severity, making these cells an important model to investigate the disease pathophysiology (Ackermann et al., 2020; Lopes-Pacheco et al., 2021). It was recently demonstrated that SARS-CoV-2 has a tropism for endothelial cells since they express not only ACE-2 but also TMPRSS2, which are essential for the virus entry [9,15]. Although these two proteins are present in HUVEC-C cells (data not shown), the SP used here consists of a full-length ectodomain stabilized in the prefusion trimeric conformation (Alvim et al., 2022) in which the furin cleavage site was removed. Thus, the effects observed here are results from internalized SP by endocytic process triggered by SP:ACE-2 interaction.
When the viral infection is ongoing, each stage of the viral life cycle can generate different cellular responses, including changes in cell metabolism to favor the replication (Goodwin et al., 2015). Interaction between cell receptors and virus ligands alone can be responsible for initiating, mediating and controling these responses (Moolamalla et al., 2021; Umar et al., 2022). SARS-CoV-2 can interfere with several intracellular pathways in host cells, including glucose metabolism (Shen and Wang, 2021; Martínez-Gómez et al., 2022). It was already described that SARS-CoV-2 induces the production and secretion of lactate, pyruvate, pyruvate kinase, and lactate dehydrogenase (LDH), which are all related to glucose metabolism, turning infected cells highly glycolytic, which is a common feature in COVID-19 patients (Codo et al., 2020; Shen and Wang, 2021). Our data show that SP can modulate cell metabolism by promoting higher glucose uptake and probably driving energy metabolism to oxidative phosphorylation instead of aerobic glycolysis, confirming its metabolic regulatory role. Although our results indicate, at first glance, an opposite direction from the literature, it is worth noting that we are studying a single viral protein in an in vitro model that simulates a very early event of the infection process. During virus infection, several structural and nonstructural proteins are being expressed and the outcome is a balance of all their activities. Notwithstanding, depicting alternative functions of virus proteins is very important in the context of virus biology.
ACE-2 levels in cell membrane seem to be crucial for proper SARS-CoV-2 infection since its availability in cell membranes directly impacts the success of virus infection (Kuba et al., 2005). However, SP has already been linked to ACE-2 downregulation in lung and endothelial cells, which was correlated to the development of lung injury (Kuba et al., 2005; Glowacka et al., 2010) and the worst prognosis of COVID-19 (Lei et al., 2020), respectively. In all situations, the ACE-2 downregulation occurred after longer periods of SP intracellular overexpression, which reflects a later stage of the virus life cycle. Our data demonstrate that SP binding to ACE-2 and its internalization induces the upregulation of ACE-2 gene expression and its increased availability in cell membranes in a relatively short period of time, which may be an important feature to guarantee proper cell infection and minimize cellular antiviral responses during initial moments of SARS-CoV-2 infection.
Overall, our findings provide the first pieces of evidence that the SARS-CoV-2 SP promotes the modulation of the endothelial cell metabolism and increases ACE-2 availability on the host cell membrane, in a time-dependent fashion, without inducing cell toxicity. Further studies are necessary to detail the mechanisms displayed by SP involved in metabolism modulation.
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