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Abstract

:

SARS-CoV-2 is causing the coronavirus disease 2019 (COVID-19) pandemic, for which effective pharmacological therapies are needed. SARS-CoV-2 induces a shift of the host cell metabolism towards glycolysis, and the glycolysis inhibitor 2-deoxy-d-glucose (2DG), which interferes with SARS-CoV-2 infection, is under development for the treatment of COVID-19 patients. The glycolytic pathway generates intermediates that supply the non-oxidative branch of the pentose phosphate pathway (PPP). In this study, the analysis of proteomics data indicated increased transketolase (TKT) levels in SARS-CoV-2-infected cells, suggesting that a role is played by the non-oxidative PPP. In agreement, the TKT inhibitor benfooxythiamine (BOT) inhibited SARS-CoV-2 replication and increased the anti-SARS-CoV-2 activity of 2DG. In conclusion, SARS-CoV-2 infection is associated with changes in the regulation of the PPP. The TKT inhibitor BOT inhibited SARS-CoV-2 replication and increased the activity of the glycolysis inhibitor 2DG. Notably, metabolic drugs like BOT and 2DG may also interfere with COVID-19-associated immunopathology by modifying the metabolism of immune cells in addition to inhibiting SARS-CoV-2 replication. Hence, they may improve COVID-19 therapy outcomes by exerting antiviral and immunomodulatory effects.
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1. Introduction


Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is causing the ongoing coronavirus disease 2019 (COVID-19) pandemic [1,2], which has so far resulted in more than 200 million confirmed COVID-19 cases and more than 4.3 million confirmed COVID-19-associated deaths [3].



Metabolic disorders and diabetes are associated with an increased risk of severe COVID-19 [4,5,6]. Increased amounts of glucose in the sera of COVID-19 patients were correlated with poor prognosis in individuals both with and without pre-existing diabetes [7]. At the cellular level, SARS-CoV-2 induces a shift of the host cell metabolism towards glycolysis in infected cells. The glycolysis inhibitor 2-deoxy-d-glucose (2DG), which targets hexokinase (the rate-limiting enzyme in glycolysis), interferes with SARS-CoV-2 infection in colon adenocarcinoma (Caco-2) cells and monocytes [8,9], suggesting that the observed metabolic changes support virus replication and represent an antiviral drug target.



Based on these findings, a clinical trial (CTRI/2021/01/030231) investigating 2DG in COVID-19 patients has begun in India [10,11]. Moreover, the Swiss company DG-Nika AG has developed a pocket inhaler for the treatment of COVID-19 patients with 2DG [12], and the U.S. company Moleculin has developed the 2DG derivative WP1122 as a COVID-19 treatment [13].



Changes in glycolysis can also affect other metabolic pathways. Metabolic intermediates generated by the glycolytic enzymes supply both the oxidative and the non-oxidative branches of the pentose phosphate pathway (PPP) [14]. The non-oxidative PPP branch converts glycolytic intermediates into ribose-5-phosphate, required for the synthesis of nucleic acids, as well as sugar phosphate precursors that are necessary for the synthesis of amino acids [14]. Moreover, SARS-CoV-2 infection was associated with changes in the PPP in a ferret model [15]. Hence, in this study, we investigated whether the anti-SARS-CoV-2 activity of 2DG can be increased by additionally targeting the non-oxidative PPP.




2. Results


2.1. SARS-CoV-2 Infection Affects Key Enzymes of the Glycolysis Pathway and Non-Oxidative Pentose Phosphate Pathway (PPP)


Initially, we characterized metabolic changes associated with SARS-CoV-2 infection using a proteomics dataset derived from SARS-CoV-2-infected Caco-2 cells [8] (Figure 1A). Cellular levels of key drivers of glycolysis including hexokinase 1 and 2 (HK1 and HK2) were increased in SARS-CoV-2-infected cells, while negative regulators such as fructose-1,6-bisphosphatase 1 and 2 (FBP1 and FBP2) were reduced (Figure 1B,C).




2.2. Increased Glycolytic Activity in SARS-CoV-2-Infected Cells


In agreement with the findings from the analysis of proteomics data, glycolytic activity was elevated in SARS-CoV-2-infected cells (Figure 2). SARS-CoV-2-infected cells displayed a slight, non-significant reduction in mitochondrial ATP production and a significant increase in glycolytic ATP production (Figure 2A). In concert with these findings, virus infection resulted in minor effects on oxidative phosphorylation (Figure 2B) but significantly increased glycolytic activity (Figure 2C). These findings were confirmed using a Seahorse XF Mito Stress Test Kit (Figure 2D,E). Altogether, SARS-CoV-2 infection resulted in a metabolic shift towards enhanced glycolytic activity (Figure 2E).




2.3. Inhibition of the Non-Oxidative Pentose Phosphate Pathway (PPP) Interferes with SARS-CoV-2 Replication


Changes in glycolysis can impact the non-oxidative PPP [14]. Moreover, transketolase (TKT) and transaldolase 1 (TALDO1), two constituents of the non-oxidative PPP branch [14], displayed increased levels in SARS-CoV-2-infected cells (Figure 1B,C), suggesting that SARS-CoV-2 infection also affects the non-oxidative PPP branch. As such, we next investigated whether a TKT inhibitor may affect SARS-CoV-2 replication.



Oxythiamine is an inactive analog of thymine that irreversibly inhibits TKT [16]. Here, we used benfooxythiamine (BOT), an oxythiamine prodrug [17], for our experiments. Indeed, non-toxic BOT concentrations reduced cellular SARS-CoV-2 Spike (S) protein levels in Caco2 cells infected with two different SARS-CoV-2 isolates (FFM1 and FFM7) in a concentration-dependent manner (Figure 3A–C). Moreover, BOT inhibited replication of SARS-CoV-2 FFM7 in air–liquid interface (ALI) cultures of primary bronchial epithelial cells as indicated by the quantification of viral genomic RNA copy numbers (Figure 3D–F).




2.4. Benfooxythiamine (BOT) Increases the Anti-SARS-CoV-2 Effects of 2-Deoxy-d-Glucose (2DG)


Here, 2DG and BOT both interfere with the non-oxidative PPP [14]. In addition, 2DG inhibits the glycolysis enzymes hexokinase and phosphoglucose isomerase (PGI) that are required for the synthesis of fructose-6-phosphate, which serves as a glycolytic intermediate for generating ribose-5-phosphate in the non-oxidative PPP branch [14]. BOT inhibits TKT, a crucial player in the non-oxidative PPP [14,16,17]. Thus, the combination of both compounds may result in increased anti-SARS-CoV-2 activity.



Indeed, the antiviral effects of BOT were further increased by the glycolysis inhibitor 2DG, as indicated by cellular S protein levels (Figure 4A,B) and viral genomic RNA copy numbers (Figure 4C).





3. Discussion


In this study, we show that the TKT inhibitor BOT inhibits SARS-CoV-2 replication and increases the anti-SARS-CoV-2 activity of the glycolysis inhibitor 2DG. 2DG and its derivative WP1122 are under development for use in the treatment of COVID-19 patients [10,11,12].



TKT is a crucial player in the non-oxidative PPP [14]. Proteomics data indicated increased TKT levels in SARS-CoV-2-infected cells, suggesting a role is played by the non-oxidative PPP. Notably, activity of the non-oxidative PPP may not always be a direct consequence of available TKT levels, as TKT activity can be strongly increased by heterodimer formation with transketolase-like 1 (TKTL1) [18]. However, anti-SARS-CoV-2 effects exerted by the TKT inhibitor BOT suggest that TKT and the non-oxidative PPP are functionally involved in SARS-CoV-2 replication.



Additionally, TKT activity is enhanced in diabetes patients [19,20,21] and diabetes patients are at a high risk from COVID-19 [4,5,6]. Given the potential role of TKT in SARS-CoV-2 replication identified here, elevated TKT levels may be one of the factors that predispose diabetes patients to experience severe COVID-19. Moreover, over-activation of the PPP has been suggested to drive hyperglycemia-associated vascular damage [22], and vascular damage is an integral part of COVID-19 pathology [23]. Thus, hyperglycemia-related PPP activity may further predispose diabetic patients to experience severe COVID-19.



Mechanistically, BOT and 2DG both reduce the cellular levels of ribose-5-phosphate. BOT directly inhibits TKT in the non-oxidative PPP (Figure 4C) [14,16,17]. 2DG inhibits the glycolysis enzymes hexokinase and phosphoglucose isomerase (PGI), both required for synthesis of fructose-6-phosphate, which serves as a glycolytic intermediate for generating ribose-5-phosphate in the non-oxidative PPP branch (Figure 4C) [14]. Furthermore, 2DG decreases cellular levels of glucose-6-phosphate, which serves as a precursor of ribose-5-phosphate in the oxidative PPP branch [14]; the oxidative PPP branch also seems to be activated in SARS-CoV-2-infected cells, as indicated by increased 6-phoshogluconate dehydrogenase (PGD) levels (Figure 1B,C). Notably, uncontrolled glucose and pentose phosphate levels correlate with poor prognosis and higher mortality in COVID-19 patients [24,25,26]. Hence, BOT could increase the effects of 2DG by further reducing ribose-5-phosphate levels (Figure 4C). Moreover, the glycolysis pathway and the non-oxidative PPP are further interlinked; for example, TKT depletion resulted in decreased levels of glycolytic enzymes including HK, PFK, and PKM2 in breast cancer cells [27].



In addition to providing additional evidence on how host cell metabolism is reprogrammed upon SARS-CoV-2 infection, our current findings are also of potential therapeutic relevance. Antiviral therapy options for SARS-CoV-2 infection/COVID-19 remain of high priority [2,28]. Vaccines dramatically reduce the proportion of severe COVID-19 cases [2,29]. However, it will take years until a substantial fraction of the world population will be vaccinated, and vaccine hesitation remains an issue [29]. Moreover, breakthrough infections occur in fully vaccinated individuals, and the formation of escape variants that are not well-covered by the immune response induced by current vaccines and/or previous infections represents an ongoing threat [30,31,32,33].



Immunomodulatory agents have had some success in reducing mortality in patients suffering from hyperinflammation [2,28,34,35,36]. Similarly, symptomatic treatments such as anticoagulants used for COVID-19-associated coagulopathy have improved therapy outcomes [2,28,37]. However, effective antiviral therapies are needed that prevent COVID-19 progression to advanced, life-threatening stages. In this context, the RNA polymerase inhibitor remdesivir and antibody preparations have been approved for the treatment of COVID-19 patients, but their efficacy appears to be limited [28]. Moreover, other direct antiviral approaches such as antisense strategies are under development for respiratory viruses such as SARS-CoV-2 [38,39,40] but are not yet clinically available as treatment options for COVID-19. Hence, effective additional antiviral treatment options are needed, and combinations of metabolic drugs such as 2DG and BOT may play a role in COVID-19 therapies in the future. In this context, strategies that target the host cell instead of viral targets have been postulated to be potentially associated with reduced resistance formation [41,42].



Notably, a metabolic shift towards glycolysis and PPP may also be involved in the inflammatory processes that are associated with COVID-19 progression to severe, life-threatening disease stages [9,43,44,45]. Moreover, reports show that a number of COVID-19 survivors suffer from metabolic disorders including abnormal glucose metabolism resulting in the metabolic derailment of immune cells [40]. Therefore, targeting the host cell metabolism by drug combinations such as BOT and 2DG may not only inhibit SARS-CoV-2 replication but also alleviate COVID-19 severity by immunomodulatory activity. Therefore, the further testing of such therapy strategies in animal models is warranted.



In conclusion, SARS-CoV-2 infection is associated with changes in the regulation of the PPP. The TKT inhibitor BOT inhibited SARS-CoV-2 replication, indicating a role of the non-oxidative PPP branch in the virus replication cycle. Moreover, BOT increased the activity of the glycolysis inhibitor 2DG, which is under development as a drug for the treatment of COVID-19 among other related glycolysis inhibitors [10,11,12]. Notably, metabolic drugs like BOT and 2DG may also interfere with COVID-19-associated immunopathology in addition to SARS-CoV-2 replication. Hence, they may improve COVID-19 therapy outcomes by exerting antiviral and immunomodulatory effects.




4. Materials and Methods


4.1. Proteomics Data


The LC–MS/MS proteomics data with the dataset identifier PXD017710 have been previously published [8]. Proteins derived from Caco-2 cells infected with SARS-CoV-2 after 24 h post infection and matching search terms “glycolysis” and “pentose phosphate pathway” in the KEGG database were selected for further analysis. Significantly deregulated proteins (p value ≤ 0.05) in mock versus infected cells were plotted using the heatmaps2 function of the gplots package of the R suite. Raw enrichment values were used to calculate per row Z scores. Maximum and minimum Z score were attributed the color red and blue respectively. Scripts are available upon request.




4.2. Measurement of ATP Rate


Caco-2 cells were seeded into a Seahorse XF96 V3 PS Cell Culture Microplate and grown until confluent. The cells were either mock-treated or infected with SARS-CoV-2/FFM7 for 24 h before measurement at an MOI of 0.01. The day before measurement, a sensor cartridge was hydrated with Seahorse XF calibrant solution at 37 °C in a non-CO2 incubator overnight. On the day of assay, the stock solutions of the Seahorse XF Real-Time ATP Rate Assay Kit (oligomycin, rotenone/antimycin A) were freshly prepared, diluted, and loaded into the corresponding sensor cartridge ports. Directly before measurement, the cells were washed with a warm Seahorse XF DMEM medium (pH 7.4, supplemented with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose) and subsequently incubated in this medium for 1 h at 37 °C in a non-CO2 incubator. The assay was conducted using the Seahorse XFe96 Analyzer and the Real-Time ATP Rate Assay Kit protocol. The order of injections was: oligomycin and rotenone/antimycin A. The final concentrations in the assay were 1.5 µM for oligomycin and 0.5 µM each for the rotenone/antimycin A-mix. The data was evaluated via Seahorse Wave Software and normalized to cell number via DAPI count of each well. Calculation of mito- and glyco-ATP was done via the Seahorse XF Real-Time ATP Rate Assay Report Generator.




4.3. Measurement of Mitochondrial Respiration and the Glycolytic Function


Caco-2 cells were infected with SARS-CoV-2/FFM7 or UV-treated SARS-CoV-2/FFM7 at an MOI of 0.01 for 24 h before measurement. On the day of assay, the stock solutions of the Seahorse XF Mito Stress Test Kit (oligomycin, FCCP, rotenone/antimycin A) and 2-DG were freshly prepared, diluted, and loaded into the corresponding sensor cartridge ports. Directly before measurement, the cells were washed with a warm Seahorse XF DMEM medium (pH 7.4, supplemented with 1 mM pyruvate, 2 mM glutamine and 10 mM glucose) and subsequently incubated in this medium for 1 h at 37 °C in a non-CO2 incubator. The assay was conducted using the Seahorse XFe96 Analyzer and a modified Mito Stress Test Kit protocol. The order of injections was oligomycin (1 µM), FCCP (20 mM), 2-DG (0.5 µM), and rotenone/antimycin A (0.5 µM). The data was evaluated via Seahorse Wave Software and normalized to cell number via DAPI count of each well.




4.4. Cell Culture and Virus Production


Caco-2 cells, colon carcinoma derived cell lines, were maintained in MEM (Minimal Essential Medium) containing 10% (v/v) foetal bovine serum, 10,000 U penicillin/streptomycin, and 2% (v/v) L-glutamine (Sigma Aldrich, Taufkirchen, Germany).



Primary human bronchial epithelial (HBE) cells were isolated from the lung explant tissue of a patient with lung emphysema as described previously [46]. The use of tissue was approved by the ethics committee of the Hannover Medical School (MHH, Hannover, Germany, number 2923–2015) and complied with the Code of Ethics of the World Medical Association. For differentiation into air–liquid interface (ALI) cultures, the cells were thawed and passaged once in PneumaCult-Ex Medium (StemCell technologies, Cologne, Germany) and then seeded on transwell inserts (12 well plate, Sarstedt, Nümbrecht, Germany) at 4 × 104 cells/insert. After reaching confluence, medium on the apical side of the transwell was removed and medium in the basal chamber was replaced with PneumaCult ALI Maintenance Medium (StemCell Technologies) including Antibiotic/Antimycotic solution (Sigma Aldrich) and MycoZap Plus PR (Lonza, Cologne, Germany). Criteria for successful differentiation were the development of ciliary movement, an increase in transepithelial electric resistance, and mucus production.



Both SARS-CoV-2/FFM1 and SARS-CoV-2/FFM7 were isolated as previously described [47]. The viral stocks were produced by passaging virus on Caco-2 cells at MOI 0.1. Both strains underwent two passages. The virus titer was determined as TCID50/mL.




4.5. Antiviral and Cytotoxicity Assay


Caco-2 cells were seeded in a 96-well plate. After reaching confluency, cells were pre-treated with benfooxythiamine (BOT) (Zyagnum AG, Pfungstadt, Germany) for 24 h, and were additionally treated with 2-deoxy-d-glucose (2DG) or left untreated and infected with SARS-CoV-2 at MOI 0.01. Antiviral effects were determined by immunostaining (see Section 4.6) and/or quantification of viral genomes (see Section 4.7). Cytotoxic effects were determined by MTT assay as previously described [48].



HBE cells in ALI cultures were infected with SARS-CoV-2/FFM7 at an MOI of 1 from the apical site. The inoculum was removed after 2 h, and cells were washed three times with PBS. For antiviral drug testing, compounds were added after the infection period from both the apical and the basal site. The apical treatment was removed after one day. Genomic viral RNA copy numbers were determined after five days. Cytotoxicity was determined by LDH-Glo™Cytotoxicity Assay (Promega, Walldorf, Germany) according to the manufacturer’s protocol. Five days post infection, ALI cultures were washed apically with PBS for 30 min, and 10 µL of washing step solution was diluted 1/10 in a LDH storage buffer and stored at −80 °C until measurement. After thawing, measurement was performed using the plate reader Infinite 200 (Tecan).




4.6. Immunostaining


To detect the SARS-CoV-2 spike (S) protein in virus-infected cell cultures, cells were fixed with acetone:methanol (40:60) solution followed by incubation with a primary monoclonal antibody directed against SARS-CoV-2 S (1:1500, Sinobiological, via BIOZOL, Eching, Germany). Primary antibody binding was visualized using a peroxidase-conjugated anti-rabbit secondary antibody (1:1000, Dianova, Hamburg, Germany) and AEC substrate. Quantification of staining was performed using BIOREADER®-7000-F-z-I (Bio-Sys, Karben, Germany).




4.7. qRT-PCR of Viral Genome in Supernatants


RNA from cell culture supernatant was isolated using the QIAamp Viral RNA Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The amount of viral RNA was detected by primers targeting the RNA-dependent RNA polymerase (RdRp): RdRP_SARSr-F2 (GTGARATGGTCATGTGTGGCGG) and dRP_SARSr-R1(CARATGTTAAASACACTATTAGCATA) using the Luna Universal One-Step RT-qPCR Kit (New England Biolabs) and a CFX96 Real-Time System C1000 Touch Thermal Cycler. The number of viral copies was determined using a standard curve generated by plasmid DNA (pEX-A128-RdRP) containing the corresponding amplicon regions of the RdRP target sequence.




4.8. Statistics


All experiments were performed in three independent replicates. GraphPad Prism 8 was used to prepare graphs and to perform statistical analyses. Statistical significance was calculated by a two-sided unpaired t-test.
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The following are available online at https://www.mdpi.com/article/10.3390/metabo11100699/s1, Figure S1: Effects of Benfooxythiamine (BOT) with or without 2-deoxy-d-glucose (2DG) on the viability of non-infected Caco-2 cells treated analogously to SARS-CoV-2-infected cells in Figure 4 as determined by MTT assay.





Author Contributions


Conceptualization, D.B., M.M. and J.C.J.; methodology, D.B. and J.C.J.; formal analysis, D.B., R.C., P.R., M.B., M.-C.J., R.O., U.M., S.C., M.M. and J.C.J.; investigation, D.B., R.C., P.R., M.B., M.-C.J., R.O., U.M., S.C. and J.C.J.; resources, D.B., M.-C.J., R.O., U.M., S.C., M.M. and J.C.J.; data curation, D.B., M.M. and J.C.J.; writing—original draft preparation, D.B., M.M. and J.C.J.; writing—review and editing, D.B., R.C., P.R., M.B., S.C., M.M. and J.C.J.; visualization, D.B.; supervision, D.B., S.C., M.M. and J.C.J.; project administration, D.B., M.M. and J.C.J.; funding acquisition, D.B., S.C. and J.C.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Frankfurter Stiftung für krebskranke Kinder. The APC was funded by Goethe-University.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in article and Supplementary Materials.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hokello, J.; Sharma, A.L.; Shukla, G.C.; Tyagi, M. A narrative review on the basic and clinical aspects of the novel SARS-CoV-2, the etiologic agent of COVID-19. Ann. Transl. Med. 2020, 8, 1686. [Google Scholar] [CrossRef]

	



Chilamakuri, R.; Agarwal, S. COVID-19: Characteristics and Therapeutics. Cells 2021, 10, 206. [Google Scholar] [CrossRef]

	



Dong, E.; Du, H.; Gardner, L. An interactive web-based dashboard to track COVID-19 in real time. Lancet Infect. Dis. 2020, 20, 533–534. [Google Scholar] [CrossRef]

	



Bielka, W.; Przezak, A.; Pawlik, A. Therapy of Type 2 Diabetes in Patients with SARS-CoV-2 Infection. Int. J. Mol. Sci. 2021, 22, 7605. [Google Scholar] [CrossRef] [PubMed]

	



Norouzi, M.; Norouzi, S.; Ruggiero, A.; Khan, M.; Myers, S.; Kavanagh, K.; Vemuri, R. Type-2 Diabetes as a Risk Factor for Severe COVID-19 Infection. Microorganisms 2021, 9, 1211. [Google Scholar] [CrossRef]

	



Shin, C.-H.; Kim, K.-H.; Jeeva, S.; Kang, S.-M. Towards Goals to Refine Prophylactic and Therapeutic Strategies Against COVID-19 Linked to Aging and Metabolic Syndrome. Cells 2021, 10, 1412. [Google Scholar] [CrossRef] [PubMed]

	



Shen, B.; Yi, X.; Sun, Y.; Bi, X.; Du, J.; Zhang, C.; Quan, S.; Zhang, F.; Sun, R.; Qian, L.; et al. Proteomic and Metabolomic Characterization of COVID-19 Patient Sera. Cell 2020, 182, 59–72.e15. [Google Scholar] [CrossRef] [PubMed]

	



Bojkova, D.; Bechtel, M.; McLaughlin, K.-M.; McGreig, J.E.; Klann, K.; Bellinghausen, C.; Rohde, G.; Jonigk, D.; Braubach, P.; Ciesek, S.; et al. Aprotinin Inhibits SARS-CoV-2 Replication. Cells 2020, 9, 2377. [Google Scholar] [CrossRef] [PubMed]

	



Codo, A.C.; Davanzo, G.G.; de Brito Monteiro, L.; de Souza, G.F.; Muraro, S.P.; Virgilio-Da-Silva, J.V.; Prodonoff, J.S.; Carregari, V.C.; de Biagi Junior, C.A.O.; Crunfli, F.; et al. Elevated Glucose Levels Favor SARS-CoV-2 Infection and Monocyte Response through a HIF-1α/Glycolysis-Dependent Axis. Cell Metab. 2020, 32, 437–446.e5. [Google Scholar] [CrossRef]

	



Clinical Trials Registry–India. Available online: http://ctri.nic.in/Clinicaltrials/advancesearchmain.php (accessed on 18 August 2021).

	



Halder, S.; Mehta, A.K. 2-Deoxy-d-glucose: Is this the final cure for COVID-19: Or yet another mirage? Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 4448–4450. [Google Scholar] [CrossRef]

	



DG-Nika. Available online: https://dg-nika.net (accessed on 18 August 2021).

	



Novel Coronavirus COVID-19. Available online: https://www.moleculin.com/covid-19/ (accessed on 20 August 2021).

	



Stincone, A.; Prigione, A.; Cramer, T.; Wamelink, M.M.C.; Campbell, K.; Cheung, E.; Olin-Sandoval, V.; Grüning, N.-M.; Krüger, A.; Alam, M.T.; et al. The return of metabolism: Biochemistry and physiology of the pentose phosphate pathway. Biol. Rev. 2014, 90, 927–963. [Google Scholar] [CrossRef] [PubMed]

	



Beale, D.; Shah, R.; Karpe, A.; Hillyer, K.; McAuley, A.; Au, G.; Marsh, G.; Vasan, S. Metabolic Profiling from an Asymptomatic Ferret Model of SARS-CoV-2 Infection. Metabolites 2021, 11, 327. [Google Scholar] [CrossRef] [PubMed]

	



Tylicki, A.; Łotowski, Z.; Siemieniuk, M.; Ratkiewicz, A. Thiamine and selected thiamine antivitamins—Biological activity and methods of synthesis. Biosci. Rep. 2018, 38. [Google Scholar] [CrossRef] [PubMed]

	



Coy, J.F. EDIM-TKTL1/Apo10 Blood Test: An Innate Immune System Based Liquid Biopsy for the Early Detection, Characterization and Targeted Treatment of Cancer. Int. J. Mol. Sci. 2017, 18, 878. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Yao, C.-F.; Xu, F.-J.; Qu, Y.-Y.; Li, J.-T.; Lin, Y.; Cao, Z.-L.; Lin, P.-C.; Xu, W.; Zhao, S.-M.; et al. APC/CCDH1 synchronizes ribose-5-phosphate levels and DNA synthesis to cell cycle progression. Nat. Commun. 2019, 10, 2502. [Google Scholar] [CrossRef]

	



Pácal, L.; Kuricová, K.; Kaňková, K. Evidence for altered thiamine metabolism in diabetes: Is there a potential to oppose gluco- and lipotoxicity by rational supplementation? World J. Diabetes 2014, 5, 288–295. [Google Scholar] [CrossRef]

	



Ziegler, D.; Schleicher, E.; Strom, A.; Knebel, B.; Fleming, T.; Nawroth, P.; Häring, H.-U.; Papanas, N.; Szendrödi, J.; Müssig, K.; et al. Association of transketolase polymorphisms with measures of polyneuropathy in patients with recently diagnosed diabetes. Diabetes/Metab. Res. Rev. 2017, 33, e2811. [Google Scholar] [CrossRef]

	



Chalásová, K.; Pácal, L.; Pleskačová, A.; Knopfová, L.; Řehořová, J.; Tomandlová, M.; Tomandl, J.; Kaňková, K. Transketolase Activity but not Thiamine Membrane Transport Change in Response to Hyperglycaemia and Kidney Dysfunction. Exp. Clin. Endocrinol. Diabetes 2018, 126, 255–262. [Google Scholar] [CrossRef]

	



Peiró, C.; Romacho, T.; Azcutia, V.; Villalobos, L.; Fernández, E.; Bolaños, J.P.; Moncada, S.; Sánchez-Ferrer, C.F. Inflammation, glucose, and vascular cell damage: The role of the pentose phosphate pathway. Cardiovasc. Diabetol. 2016, 15, 82. [Google Scholar] [CrossRef]

	



Smadja, D.M.; Mentzer, S.J.; Fontenay, M.; Laffan, M.A.; Ackermann, M.; Helms, J.; Jonigk, D.; Chocron, R.; Pier, G.B.; Gendron, N.; et al. COVID-19 is a systemic vascular hemopathy: Insight for mechanistic and clinical aspects. Angiogenesis 2021, 24, 755–788. [Google Scholar] [CrossRef]

	



Deng, Y.; Lei, L.; Chen, Y.; Zhang, W. The potential added value of FDG PET/CT for COVID-19 pneumonia. Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 1634–1635. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, T.; Stefanoni, D.; Reisz, J.A.; Nemkov, T.; Bertolone, L.; Francis, R.O.; Hudson, K.E.; Zimring, J.C.; Hansen, K.C.; Hod, E.A.; et al. COVID-19 infection alters kynurenine and fatty acid metabolism, correlating with IL-6 levels and renal status. JCI Insight 2020, 5, e140327. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, L.; She, Z.-G.; Cheng, X.; Qin, J.-J.; Zhang, X.-J.; Cai, J.; Lei, F.; Wang, H.; Xie, J.; Wang, W.; et al. Association of Blood Glucose Control and Outcomes in Patients with COVID-19 and Pre-existing Type 2 Diabetes. Cell Metab. 2020, 31, 1068–1077.e3. [Google Scholar] [CrossRef]

	



Tseng, C.-W.; Kuo, W.-H.; Chan, S.-H.; Chan, H.-L.; Chang, K.-J.; Wang, L.-H. Transketolase Regulates the Metabolic Switch to Control Breast Cancer Cell Metastasis via the α-Ketoglutarate Signaling Pathway. Cancer Res. 2018, 78, 2799–2812. [Google Scholar] [CrossRef]

	



Rebold, N.; Holger, D.; Alosaimy, S.; Morrisette, T.; Rybak, M. COVID-19: Before the Fall, An Evidence-Based Narrative Review of Treatment Options. Infect. Dis. Ther. 2021, 10, 93–113. [Google Scholar] [CrossRef]

	



Tregoning, J.S.; Flight, K.E.; Higham, S.L.; Wang, Z.; Pierce, B.F. Progress of the COVID-19 vaccine effort: Viruses, vaccines and variants versus efficacy, effectiveness and escape. Nat. Rev. Immunol. 2021, 21, 626–636. [Google Scholar] [CrossRef] [PubMed]

	



Weisblum, Y.; Schmidt, F.; Zhang, F.; DaSilva, J.; Poston, D.; Lorenzi, J.C.; Muecksch, F.; Rutkowska, M.; Hoffmann, H.-H.; Michailidis, E.; et al. Escape from neutralizing antibodies by SARS-CoV-2 spike protein variants. eLife 2020, 9, e61312. [Google Scholar] [CrossRef] [PubMed]

	



Brown, C.M.; Vostok, J.; Johnson, H.; Burns, M.; Gharpure, R.; Sami, S.; Sabo, R.T.; Hall, N.; Foreman, A.; Schubert, P.L.; et al. Outbreak of SARS-CoV-2 Infections, Including COVID-19 Vaccine Breakthrough Infections, Associated with Large Public Gatherings—Barnstable County, Massachusetts, July 2021. MMWR Morb. Mortal. Wkly. Rep. 2021, 70, 1059–1062. [Google Scholar] [CrossRef]

	



Sabino, E.C.; Buss, L.F.; Carvalho, M.P.S.; Prete, C.A., Jr.; Crispim, M.A.E.; Fraiji, N.A.; Pereira, R.H.M.; Parag, K.V.; da Silva Peixoto, P.; Kraemer, M.U.G.; et al. Resurgence of COVID-19 in Manaus, Brazil, despite high seroprevalence. Lancet 2021, 397, 452–455. [Google Scholar] [CrossRef]

	



Vignier, N.; Bérot, V.; Bonnave, N.; Peugny, S.; Ballet, M.; Jacoud, E.; Michaud, C.; Gaillet, M.; Djossou, F.; Blanchet, D.; et al. Breakthrough Infections of SARS-CoV-2 Gamma Variant in Fully Vaccinated Gold Miners, French Guiana, 2021. Emerg. Infect. Dis. 2021, 27, 2673–2676. [Google Scholar] [CrossRef] [PubMed]

	



Pum, A.; Ennemoser, M.; Adage, T.; Kungl, A.J. Cytokines and Chemokines in SARS-CoV-2 Infections—Therapeutic Strategies Targeting Cytokine Storm. Biomolecules 2021, 11, 91. [Google Scholar] [CrossRef]

	



The RECOVERY Collaborative Group. Dexamethasone in Hospitalized Patients with Covid-19—Preliminary Report. N. Engl. J. Med. 2021, 384, 693–704. [Google Scholar] [CrossRef]

	



WHO Rapid Evidence Appraisal for COVID-19 Therapies (REACT) Working Group. Association between Administration of Systemic Corticosteroids and Mortality among Critically Ill Patients with COVID-19: A Meta-Analysis. JAMA 2020, 324, 1330–1341. [Google Scholar] [CrossRef]

	



Hadid, T.; Kafri, Z.; Al-Katib, A. Coagulation and anticoagulation in COVID-19. Blood Rev. 2020, 47, 100761. [Google Scholar] [CrossRef] [PubMed]

	



Potaczek, D.P.; Garn, H.; Unger, S.D.; Renz, H. Antisense molecules: A new class of drugs. J. Allergy Clin. Immunol. 2016, 137, 1334–1346. [Google Scholar] [CrossRef] [PubMed]

	



Potaczek, D.P.; Unger, S.D.; Zhang, N.; Taka, S.; Michel, S.; Akdağ, N.; Lan, F.; Helfer, M.; Hudemann, C.; Eickmann, M.; et al. Development and characterization of DNAzyme candidates demonstrating significant efficiency against human rhinoviruses. J. Allergy Clin. Immunol. 2019, 143, 1403–1415. [Google Scholar] [CrossRef]

	



Yu, A.-M.; Tu, M.-J. Deliver the promise: RNAs as a new class of molecular entities for therapy and vaccination. Pharmacol. Ther. 2021, 107967, in press. [Google Scholar] [CrossRef] [PubMed]

	



Blázquez, A.-B.; Saiz, J.-C. Potential for Protein Kinase Pharmacological Regulation in Flaviviridae Infections. Int. J. Mol. Sci. 2020, 21, 9524. [Google Scholar] [CrossRef]

	



Lingappa, J.; Lingappa, V.; Reed, J. Addressing Antiretroviral Drug Resistance with Host-Targeting Drugs—First Steps towards Developing a Host-Targeting HIV-1 Assembly Inhibitor. Viruses 2021, 13, 451. [Google Scholar] [CrossRef]

	



Riyapa, D.; Rinchai, D.; Muangsombut, V.; Wuttinontananchai, C.; Toufiq, M.; Chaussabel, D.; Ato, M.; Blackwell, J.M.; Korbsrisate, S. Transketolase and vitamin B1 influence on ROS-dependent neutrophil extracellular traps (NETs) formation. PLoS ONE 2019, 14, e0221016. [Google Scholar] [CrossRef]

	



Mahrooz, A.; Muscogiuri, G.; Buzzetti, R.; Maddaloni, E. The complex combination of COVID-19 and diabetes: Pleiotropic changes in glucose metabolism. Endocrine 2021, 72, 317–325. [Google Scholar] [CrossRef]

	



Ayres, J.S. A metabolic handbook for the COVID-19 pandemic. Nat. Metab. 2020, 2, 572–585. [Google Scholar] [CrossRef] [PubMed]

	



Bandyopadhyay, G.; Huyck, H.L.; Misra, R.S.; Bhattacharya, S.; Wang, Q.; Mereness, J.; Lillis, J.; Myers, J.R.; Ashton, J.; Bushnell, T.; et al. Dissociation, cellular isolation, and initial molecular characterization of neonatal and pediatric human lung tissues. Am. J. Physiol.-Lung Cell. Mol. Physiol. 2018, 315, L576–L583. [Google Scholar] [CrossRef] [PubMed]

	



Toptan, T.; Hoehl, S.; Westhaus, S.; Bojkova, D.; Berger, A.; Rotter, B.; Hoffmeier, K.; Cinatl, J., Jr.; Ciesek, S.; Widera, M. Optimized qRT-PCR Approach for the Detection of Intra- and Extra-Cellular SARS-CoV-2 RNAs. Int. J. Mol. Sci. 2020, 21, 4396. [Google Scholar] [CrossRef] [PubMed]

	



Onafuye, H.; Pieper, S.; Mulac, D.; Cinatl, J., Jr.; Wass, M.N.; Langer, K.; Michaelis, M. Doxorubicin-loaded human serum albumin nanoparticles overcome transporter-mediated drug resistance in drug-adapted cancer cells. Beilstein J. Nanotechnol. 2019, 10, 1707–1715. [Google Scholar] [CrossRef] [PubMed]








[image: Metabolites 11 00699 g001 550] 





Figure 1. Glycolysis and pentose phosphate pathway (PPP) are deregulated during SARS-CoV-2 infection. (A) Schematic of proteomic analysis of SARS-CoV-2 infected Caco-2 cells. (B) Heatmap of changes in protein abundance of components of glycolysis and pentose phosphate pathway in SARS-CoV-2 infected Caco-2 cells at 24 h post infection. A Z score transformation was performed such that red and blue represent high and low protein abundance, respectively. The plot was performed using the heatmaps2 function of the gplots package of the R suite. (C) Pathway depiction of main regulators of glycolysis and PPP using BioRender. 
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Figure 2. SARS-CoV-2 infection causes metabolic shift towards glycolysis. Caco-2 cells were infected with untreated or UV-inactivated SARS-CoV-2/FFM7 at an MOI of 0.01 for 24 h before measurement. (A–C) Pathway-specific ATP production (A) derived from mitochondrial respiration (B) and glycolysis (C) measurement. Mean + SD from three biological replicates are displayed. Statistical significance was determined through one way ANOVA. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ns: not significant. (D–F) Measurement of mitochondrial respiration and glycolytic function under stress conditions (Mito stress Test). Mean + SD from three biological replicates are displayed. ECAR, extracellular acidification rate; OCR, oxygen consumption rate. 
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Figure 3. Targeting the pentose phosphate pathway (PPP) in SARS-CoV-2-infected cells. (A,B) Effects of the TKT inhibitor benfooxythiamine (BOT) on virus replication and cell viability in SARS-CoV-2 strain FFM1 and FFM7 (MOI 0.01)-infected Caco2 cells 24 h post infection. Caco-2 cells were pre-treated with different concentrations of BOT for 24 h. Percentage of viral inhibition was evaluated by spike (S) protein staining, and cell viability was measured by MTT assay. The IC50 and CC50 values were determined using the curve regression function of GraphPad Prism 8. Both plots represent mean ± SD of the three independent experiments. (C) Representative images illustrating SARS-CoV-2 S protein levels in SARS-CoV-2/FFM1 and SARS-CoV-2/FFM7 (MOI 0.01) infected Caco-2 cells treated with BOT 24h post infection. (D) BOT treatment strategy of air-liquid interface (ALI) cultures of primary human bronchial epithelial (HBE) cells infected with SARS-CoV-2/FFM7 (MOI 1). (E) Quantification of viral genomic RNA copy numbers in apical washes five days post infection. Bars represent mean ± SD of the three biological replicates. (F) Cytotoxicity assay measuring LDH levels in apical washes of BOT-treated HBE ALI cultures in comparison to untreated control. Bars display mean ± SD of the three biological replicates. *** p ≤ 0.001. 
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Figure 4. Inhibition of viral infection in benfooxythiamine (BOT)-treated cells in combination with 2-deoxy-d-glucose (2DG). Caco-2 cells were pre-treated with different concentration of BOT for 24 h. Then, the 2DG at concentration 5mM or 10 mM was added and cells were infected with SARS-CoV-2/FFM7 at MOI 0.01. (A) Representative images illustrating immunohistochemistry staining of SARS-CoV-2 spike protein in SARS-CoV-2/FFM7 infected Caco-2 cells treated with BOT in combination with 2DG. (B) Quantification of illustrating immunohistochemistry staining of SARS-CoV-2 spike protein in SARS-CoV-2/FFM7 infected Caco-2 cells treated with BOT in combination with 2DG. Values represent the mean ± SD of the three independent experiments. p-values were determined with a two-sided unpaired t-test. *** p ≤ 0.001 (C) Quantification of viral genomes in supernatant of SARS-CoV-2 infected Caco-2 cells treated with BOT in combination with 2DG or BOT alone. SARS-CoV-2/FFM7 RNA copy numbers used the RNA-polymerase (RdRp) gene by qRT-PCR of RdRp gene. Values represent mean ± SD of the three independent experiments. p-values were determined with a two-sided unpaired t-test. ns: not significant; * p ≤ 0.05; ** p ≤ 0.01. Effects of BOT in combination with 2DG on cell viability are provided in Supplementary Figure S1. (D) Simplified scheme of glycolysis and pentose phosphate pathway. The targets for 2DG and BOT are depicted in red. The scheme was created with BioRender.com (accessed on 18 August 2021). 
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