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We are currently experiencing a deadly novel viral pandemic with no efficacious, readily available anti-viral therapies to SARS-CoV-2. Viruses will hijack host cellular machinery, including metabolic processes. Here, I provide theory and evidence for targeting the host de novo purine synthetic pathway for broad spectrum anti-viral drug development as well as the pursuit of basic science to mitigate the risks of future novel viral outbreaks.
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Perspective

The SARS-CoV-2 pandemic is wreaking havoc across the world. Globally, case management has been mixed. Several countries are essentially beating the pandemic with ever decreasing case counts, while other countries are unable to contain the outbreak. Recent vaccine roll out has shown positive results in decreasing case counts. The threat of subsequent waves of infection is still a lurking fear for countries, indeed the World Health Organization has recently classified the India SARS-CoV-2 variant as a global health risk. Our preparedness for a novel viral pandemic was minimal, therapeutically speaking. While a vaccine is arguably the best course of action, this is not feasible during a novel pandemic as vaccines are virus strain specific and a novel viral outbreak represents an immediate need. The current SARS-CoV-2 pandemic has demonstrated that mRNA and adenovirus vector vaccines required approximately one year to develop, test, and introduce to the general population in response to a novel viral threat; hardly a time scale that represents an immediate response to a crisis. The mRNA vaccines have shown greater than 90% efficacy (1), which further cements that a vaccine is our greatest tool to stop the spread of a lethal virus. However at time of writing, there were a reported 160 million cases and 3.32 million deaths globally with approximately 32.8 million cases and 582,867 deaths within the United States, with peak single day death tolls between 3,000 and 4,000 (2). Novel virus outbreaks should not be considered a rare occurrence as recent history shows the ever looming threat; SARS-CoV, MERS-CoV, Zika, H7N9 (avian influenza), H1N1 (swine influenza), and others (3). Regarding coronaviruses, no antiviral drugs have been developed against the SARS-CoV, SARS-CoV-2, or MERS-CoV strains (4). The nucleoside analog RNA-dependent RNA Polymerase inhibitor Remdesivir was the only readily available drug with strong potential for treatment of SARS-CoV-2, with early evidence suggesting questionable success (5) however recently it has shown a viable treatment (6). Viruses are subject to evolutionary pressures and alterations in their genomic sequences causes variants to emerge; the developed vaccines efficacy to these new variants are currently in question, raising the possibilities of slightly reduced or unknown effectiveness (7) or the need for a multi-variant booster shot. It is therefore critical to develop and maintain a set of antiviral drugs so that efficient treatment may be implemented to rapidly address infections and consequent morbidity and mortality while a vaccine is being developed to a novel viral pathogen.

Antiviral development may be seen as targeting pathogens or the host; both have their benefits and detriments. Pathogen targeting therapeutics may inadvertently add pressure to select resistant mutant variants but also boasts greater effectiveness for the specific virus, while host targeting therapeutics do not add a mutation selecting pressure however will likely have a higher chance of patient side effects, including in those who are already immunocompromised. Broad spectrum antivirals should be seen as a viable option to blunt the initial consequences in a novel pandemic situation during which time pathogen specific therapeutics can be scrutinized and subsequently added as treatment options. Here I present rationale for targeting host cell metabolism, specifically the de novo purine synthesis enzyme ATIC, as a basis for broad spectrum antivirals as standalone or component in combination therapy, using the current SARS-CoV-2 pandemic as a viewing lens. I also draw on the successes of basic, blue sky research in finding host biological processes to be examined for novel areas of future therapeutic development.

The preponderance of evidence strongly suggests that morbidity and mortality from SARS-CoV-2 is mainly due to the inflammatory response or cytokine storm in response to infection (8–10). Positive outcomes regarding SARS-CoV-2 seem to be linked to a substantial CD4+ and CD8+ T cell response (11–14) however T cell exhaustion markers are noted in SARS-CoV-2 recovered patients (15). Recently, in silico modeling draws attention the Bradykinin response as a plausible explanation for SARS-CoV-2 morbidity and mortality as negative outcomes are often associated robust abnormal lung, cardiac, and vasculature responses (16). It should be noted, heightened immune and inflammatory responses to viral infections in general are common (17, 18) and amelioration of this response should be considered in development of broad-spectrum treatments.

Purines and pyrimidines are essential small molecules that are the bases of nucleotides and are synthesized through either de novo or salvage pathways using small molecule precursors and cofactors (Figure 1). Salvage nucleotide synthesis utilizes a single reaction from component small molecules, such as hypoxanthine, adenine, or guanine for purine synthesis, or uracil, cytidine, or thymidine for pyrimidine synthesis which are typically derived from nucleotide catabolic products (e.g., nucleic acid turnover). De novo nucleotide synthesis utilizes more basic precursors: phosphoribosyl pyrophosphate (PRPP) for purine synthesis, and bicarbonate for pyrimidine synthesis. De novo purine synthesis (DNPS) requires ten sequential reactions catalyzed by six enzymes to form IMP, while de novo pyrimidine synthesis utilizes six sequential reactions catalyzed by three enzymes to form UMP (Figure 1). Salvage synthesis is energetically efficient and typically utilized as a maintenance system for existing nucleotide pools and energy whereas de novo synthesis upregulated at the G1/S phase interface to generate nucleotide pools necessary for genome replication (19–21). Purines perform multiple cellular functions such as energy currency, genomic information in RNA and DNA, signaling molecules, and cofactors.




Figure 1 | De novo nucleotide synthesis pathways. (A) De novo pyrimidine synthesis pathway produces UMP via six steps catalyzed by three enzymes and is further processed to UTP, CTP, or dTMP. (B) De novo purine synthesis pathway produces IMP via ten steps catalyzed by six enzymes. IMP is further processed to AMP or GMP through two more steps. (C) Purine salvage synthesis utilizes adenine (Ade), hypoxanthine (Hx), or guanine (Gua) to generate phosphorylated nucleotides in a single step. Enzymes noted in pink while small molecules are in black.



Nucleotide pools represent an area of interest in viral therapeutic development, as the viral genome must be replicated to produce new viral particles from the infected host cell. Regarding the current pandemic, the SARS-CoV-2 genome is approximately 30 kilobase pairs of sense RNA, containing approximately 14 open reading frames. Host machinery translates viral mRNA to produce viral proteins which in turn creates organelles, transcribes viral RNA, and replicates its viral genome which are then packaged into viral progeny (22, 23). The proteins encoded by the viral genome promote its survival and virulence, and carry out its viral replication (23). This requirement for purine and pyrimidine nucleotides may be met via upregulation of de novo pathways through viral accessory protein interactions with host cell machinery (24, 25) making these pathways an ideal target; indeed a small number of antiviral drugs target nucleotide synthesis (26). Most all of the current therapeutic and research interest in de novo nucleotide synthesis is focused on pyrimidines. Most drugs targeting pyrimidine synthesis inhibit DHODH, which catalyzes the conversion of dihydroorotate to orotate. The cytidine analog Gemcitiabine inhibits pyrimidine synthesis (26) and has exhibited anti-inflammatory properties in a murine model (27). Indeed, pyrimidine synthesis inhibitors have been largely explored and have shown efficacy as broad-spectrum host targeting antiviral therapeutics as standalone (28, 29) and in cocktail with other antivirals (30). Drugs targeting purine synthesis largely inhibit the enzyme IMPDH (31), responsible for a step in the conversion of IMP to GMP, which is considered outside of de novo synthesis. Nucleotide targeting drugs have shown potency in treatment of both DNA and RNA viral infections (25). Indeed, targeting purine synthesis seems an ideal avenue as IMPDH inhibitors allow elevated proliferation levels of memory CD8+ T cells and show increased cytolytic activity over non-specific nucleotide or pyrimidine synthesis inhibitors (32).

Recent evidence suggests a major role for nucleotide products in the SARS-CoV-2 outbreak outside of nucleic acid synthesis. High dose methotrexate is hypothesized to be advantageous in treatment of severe SARS-CoV-2 cases (33, 34). Methotrexate is an inexpensive, widely available drug with potent anti-inflammatory properties acting as a folate synthesis and nucleotide (both purine and pyrimidine) synthesis inhibitor promoting intracellular accumulation of the de novo purine synthesis intermediate ZMP and increasing local concentrations of adenosine (35). The precise mechanism of action is unknown. In addition to inhibition of folate and nucleotide synthesis as well as decreasing inflammatory responses, it produces patient side effects, which suggests that it affects other biological processes (36). Methotrexate has, however, been found to hinder the cytolytic capabilities and clonal expansion of CD8+ memory T cells (32). Methotrexate may also compound complications with immunosuppressed individuals (e.g., cancer patients). Taken together, methotrexate may be an acceptable viral treatment for the time being (33) but it ideally should be replaced with newer therapeutics in the future. Antifolate derivatives (e.g., Lometrexol) are known to favorably target the trifunctional DNPS enzyme GART (37, 38), however exhibit potent cytotoxic properties (38). Due to this cytotoxic property of GART targeting antifolate drugs, these are not a likely viable option to further explore for viral response targeting.

ZMP is the first substrate for the bifunctional enzyme ATIC and is an AMP mimetic (39). ZMP can activate AMP-activated protein kinase (AMPK), a master regulator of cellular metabolism that has anti-inflammatory properties (40–42); indeed, a recent murine study showed that ZMP based AMPK activation inhibits and reverses the nuclear translocation of NFκB and reduces production of TNFα and IL1β (43). AMPK activates upon an increase in the AMP : ATP ratio and will inhibit ATP catabolic processes while upregulating ATP anabolic processes. DNPS is an energy intensive process, requiring five ATP molecules per one IMP synthesized. AMPK likely inhibits the de novo pathway and activates salvage pathways, energy production pathways such as glycolysis and fatty acid oxidation, as well as nucleotide kinase activities. One approach to inhibit DNPS and activate AMPK would be to target the ATIC enzyme via drug intervention. ATIC is only active as a homodimer; the small molecule Compound14 disrupts ATIC dimerization, halting de novo purine synthesis and promoting ZMP accumulation (44).

My blue sky research was focused on characterizing the transcriptomes of three DNPS knock-out mutants [crGART, crADSL, and crATIC] (45). This research on dysregulation of DNPS revealed processes that are relevant to or directly involved in viral responses; given the importance of the nucleotide pool in viral propagation as outlined above this is perhaps unsurprising. Indeed, common themes include regulation of cell cycle, bradykinin systems (fluid shear stress, smooth muscle development and contraction, and cardiac terms) cytokine cascade terms (TNFα and various interleukins such as IL-1β, and others), interferon activity, inflammatory response, fatty acid processing (such as through arachidonic acid), as well as viral response terms such as, antiviral mechanism by IFN-stimulated genes and ISG15, OAS antiviral response, mast cell mediated immunity, T cell activation and differentiation, and CD4 and alpha-beta T cell activation (46–48). Targeting DNPS is thus likely to have multiple benefits (Figure 2): 1- reducing the production of nucleotides necessary for viral genome replication, 2- modulating the inflammatory response 3- allowing T cell proliferation and cytolytic function for natural host clearance of the viral infection. Taken together, DNPS may represent an ideal target for the development of new host targeted broad-spectrum antiviral drugs.




Figure 2 | Proposed benefits of targeting host DNPS metabolism for novel viral pathogen infection. Here, I propose that host DNPS targeting therapeutics are likely to have three mechanisms of benefit, in no particular order. 1, DNPS inhibitors are likely to reduce purine nucleotide pools used to replicate the viral genome resulting in less viral proliferation. 2, DNPS inhibitors are likely to temper inflammatory responses reducing morbidity and mortality in severely affected patients. 3, DNPS inhibitors are likely permissive to T cell recognition and clonal expansion allowing natural host clearance of the viral infection.



The basic research projects mentioned here were designed to identify cellular and organismal processes influenced by DNPS deficiency and pathway intermediate accumulation. Our research found changes relevant to many processes such as TGFβ signaling, neurodevelopment, inflammation, placental development, cell cycle regulation, in addition to processes involved in viral responses. Basic research has the benefit of identification of processes and applications previously unthought of or overlooked to areas of clinical relevance. This is seen with our identification of potential importance of DNPS to viral response, which were unexpected. Basic research therefore is necessary and should be actively pursued to identify areas that may prove fruitful in clinical applications.
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