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Declines in cellular nicotinamide adenine dinucleotide (NAD) contribute to metabolic dysfunction, increase susceptibility to disease, and occur as a result of pathogenic infection. The enzymatic cleavage of NAD+ transfers ADP-ribose (ADPr) to substrate proteins generating mono-ADP-ribose (MAR), poly-ADP-ribose (PAR) or O-acetyl-ADP-ribose (OAADPr). These important post-translational modifications have roles in both immune response activation and the advancement of infection. In particular, emergent data show viral infection stimulates activation of poly (ADP-ribose) polymerase (PARP) mediated NAD+ depletion and stimulates hydrolysis of existing ADP-ribosylation modifications. These studies are important for us to better understand the value of NAD+ maintenance upon the biology of infection. This review focuses specifically upon the NAD+ utilising enzymes, discusses existing knowledge surrounding their roles in infection, their NAD+ depletion capability and their influence within pathogenic infection.
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INTRODUCTION
Fundamental to all cells, the pyridine nucleotide nicotinamide adenine dinucleotide (NAD) was initially identified as “cozymase” at the turn of the 20th Century. Identification of this heat-stable factor present within low molecular weight fractions of yeast that elevated fermentation rates established a platform for subsequent incremental advances (Harden and Young, 1906). As a result, we now understand NAD to be critical in driving hundreds of biochemical reactions as a co-enzyme for energy metabolism. We also better appreciate its contribution towards both individual cell and whole-body homeostasis. NAD itself serves numerous REDOX reactions either via the donation or acceptance of electrons, catalysed by oxidoreductases to dictate the existence of 2 forms: oxidized as NAD+, or reduced into NAD(H). The ratio between these 2 species is critical for key energetic processes – for example, in nutrient uptake and energy metabolism, where both forms are utilized for the coupling of the tricarboxylic acid (TCA) cycle and oxidative phosphorylation for adenosine triphosphate (ATP) generation. Additional to REDOX contributions, NAD+ acts as a rate-limiting co-substrate for a number of protein and RNA modifying enzymes – primarily, the Poly (ADP-ribose) polymerases (PARPs), Sirtuins (SIRTs) and cyclic ADP Ribose (cADPr) synthases (Xiao et al., 2018; Katsyuba et al., 2020). Recent reports of aberrant NAD+ concentrations have been documented in a variety of pathological conditions and in particular, metabolic and age-related dysfunctions (reviewed in Goody and Henry (2018) and Katsyuba et al. (2020)). These data have led to a surge in studies focused on understanding NAD+ biology and the ability of precursors to restore NAD+ or resist decline of this crucial co-enzyme. In parallel, altered NAD+ concentrations have also been ascribed to an increased susceptibility to pathogenic infection and altered immune system response. Here, we review existing and emerging findings surrounding NAD+ homeostasis in relation to its utilisation by the post-translational modifying enzymes it rate-limits. Both this role and its contribution to cell biochemistry make adequate intracellular NAD+ maintenance an essential influence in sustaining organism health.
MAINTAINING NAD+ BALANCE WITHIN THE CELL
Given the key nature of NAD+ to cell and tissue homeostasis, acquiring an understanding of its formation and breakdown has proven fundamental in improving our understanding of basic metabolic processes and development of disease. Herein, we describe the established pathways of NAD+ biosynthesis, salvage and introduce the major enzymatic degraders of NAD+ as well as the potentials of NAD+ precursor supplementation to treat decline-associated disorders.
The Biosynthesis of NAD+
Three pathways of NAD+ biosynthesis within mammals have been identified: Salvage, de novo, and Preiss-handler. During basal conditions, the salvage pathway is thought to be the dominant source of NAD+. Recycling of the NAD+ precursor nicotinamide (NAM) released as a by-product following NAD+ degradation, NAM is subsequently converted into nicotinamide mononucleotide (NMN) in a reaction catalysed by NAM phosphoribosyltransferase (NAMPT) (Revollo et al., 2004). NMN is then converted into NAD+ by the NMN adenylyl transferases (NMNATs). Nicotinamide riboside (NR), a vitamin B3 precursor of NAD+, is also converted into NMN via phosphorylation as part of the nicotinamide riboside kinase (NMRK) 1 and 2 pathways (Bieganowski and Brenner, 2004; Fletcher et al., 2017; Elhassan et al., 2019).
NAD+ levels are also found to vary in each subcellular compartment. For example, the 3 isoforms of mammalian NMNATs are localized to different areas of the cell, with NMNAT-1 in the nucleus, NMNAT-2 in the cytoplasm and Golgi apparatus, and NMNAT-3 in the mitochondria (Raffaelli et al., 2002; Zhou et al., 2002; Revollo et al., 2004; Berger et al., 2005 ; Ryu et al., 2018; Okabe et al., 2019). Evidence of NAD+ compartmentalization is further supported by the presence of comparable NAD+ levels between cytosol and nuclear fractions (Cambronne et al., 2016). Mitochondrial NAD+ levels are higher in comparison to those within nuclear and cytosol fractions (VanLinden et al., 2015), and cytosol NAD+ production exerts influence over mitochondrial NAD+ (Cambronne et al., 2016). Higher mitochondrial NAD+ levels have been ascribed to the ability of the mitochondria to uptake NAD+ precursors (Cantó et al., 2012; Davila et al., 2018; Klimova et al., 2019) as well as NAD+ itself (Davila et al., 2018). The recent identification of a novel mammalian NAD+ mitochondrial transporter, SLC25A51, has been confirmed to govern NAD+ import into the mitochondria (Kory et al., 2020; Luongo et al., 2020).
The de novo and Preiss-handler pathways are dependent on dietary derived vitamin B3 precursors. For the former, referred to as the kynurenine metabolic pathway, tryptophan is converted into quinolinic acid and into nicotinic acid (NA) mononucleotide (NAMN) by quinolinate phosphoribosyltransferases (QPRTs). NMNATs then catalyse the conversion of NAMN into nicotinate adenine dinucleotide (NaAD) which is finally converted by NAD synthases (NADSs) into NAD+ (Berger et al., 2005). The Preiss-handler pathway utilizes NA, which is converted it into NAMN by nicotinate phosphoribosyltransferase (NAPRTs) (Evans et al., 2010). This NAMN is subsequently converted into NAD+ in the same manner as just described. In recent times, evidence has been presented that all 3 NAD+ biosynthesis pathways can switch between (Zhang et al., 2019) and compensate for one another (Okabe et al., 2019).
Importantly, there is a need to establish the difference between transient NAD+ availability and absolute repletion through NAD+ precursor supplementation. Modest changes to NAD+ abundance produced by NR can translate to dramatic improvements to cellular bioenergetics (Liu L. et al., 2018). Within any sample, these modest changes measured over the average tissue can underlie more profound shifts inside an individual cell. Therefore, NAD+ turnover as an important cellular function stands distinct from absolute NAD+ abundance. This also underpins the value of measuring NAD+ utilisation on a tissue-specific basis and highlights that measurement of absolute NAD+ levels cannot fully reflect its dynamic flux or biological influence upon a given tissue.
Major NAD+ Degrading Enzymes and Their Roles
Whilst NAD+ is appreciated to be fundamental for a cell, it is the flux of NAD+ that represents more of a challenge to further our understanding. For example, ratios between NAD+:NAD(H), rates of turnover in energy utilisation and insults to genome integrity can induce either transient or sustained fluctuations. This plasticity compounds efforts to understand the consequences of shifts in NAD+:NAD(H) ratios. Moreover, NAD+ serves as a crucial determinant of the abundance of other species of NAD such as the reduced form of NAD phosphate (NADP(H)). Alongside NAD(H), NADP(H) pools play crucial roles in REDOX maintenance, particularly as antioxidant cofactors (reviewed in Ying, 2008 and Xiao et al., 2018). Since NAD+ is the precursor for NADP(H), its decline may impinge NADP(H) levels, altering NADP+:NADP(H) ratios due to mitochondrial electron chain dysfunction and inflammation (Bradshaw, 2019). However, reduced forms of NAD+ can demonstrate contrasting resilience, and NADP(H) levels remain constant regardless of fluctuating intracellular NAD+ levels (Liu L. et al., 2018). Additionally, preservation of NAD+ in the form of NADP(H) (for example by NAD kinase) serves to sustain REDOX homeostasis. Importantly, the levels of the reduced form, NADP+ can themselves influence the activity of NAD+ consuming enzymes (Bian et al., 2019). The distinct compartmentalised pools within cells allow effective sharing of NAD+ whilst protecting metabolic utilisation of NAD+/NADH within essential TCA cycle and electron transport chain functions.
Nevertheless, significant changes in NAD+ as well as its precursors and derivatives, have been reported in studies pertaining to infection. In this section, we describe the major NAD+ degrading enzymes and discuss findings of their involvement in overall homeostasis resulting from their utilization of NAD+.
PARPs
ADP-ribose (ADPr) was first described in the late 1960s as a product possessing the moieties of phosphate and ribose following incubation with the NAD+ precursor NMN (Chambon et al., 1963; Chambon et al., 1966; Fujimara et al., 1967; Nishizuka et al., 1967). This work was succeeded by the discovery of the multi-domain containing PARPs and their ability to apply multiple ADPr groups onto target proteins as a post-translational modification, whilst degrading NAD+ to yield NAM (Doly and Petek, 1966; Nishizuka et al., 1967; Nishizuka et al., 1968; Ueda et al., 1968). Covalent attachment of monomeric ADPr units occurs on Thr, Glu, Asp, Lys, Arg, Cys or Ser residues of target proteins, shifting biological activity (Vyas et al., 2014). However, PARP-mediated ADP-ribosylation is also applied to DNA and RNA, increasing the opportunities by which NAD+ can be degraded (Weixler et al., 2021). Attachment of a single ADPr, known as mono-ADP-ribosylation (MARylation), serves as an initiation step and can be succeeded by the subsequent elongation and branching of poly-ADPr (PAR) chains, known as poly (ADP-ribosyl)ation (PARylation). PARylation chains involve the formation of ribose-ribose linkages between MAR units, usually joined together by a 2″,1‴-glycosidic bond. As each MAR or PAR is derived from a single NAD+ molecule, excessive MARylation and consequently, PARylation, represents a substantial drain on intracellular NAD+. PARylation is also reversible and regulated through the rapid catalytic degradation of PAR chains by the enzymes PAR-glycohydrolase (PARG) and ADP-ribosylhydrolase 3 (ARH-3) (Davidovic et al., 2001; Niere et al., 2012). PAR chains are also stabilized by macrodomain-containing proteins – for example, MacroH2A1.1 works to prevent rapid PAR chain degradation and avoid excessive NAD+ consumption (Ruiz et al., 2019). While excess NAD+ degradation by PARPs was initially thought to exacerbate cellular death due to bioenergetic failure (Berger et al., 1983), this cell death mediated by PARP activity was subsequently discovered to exhibit features of necrosis, ascertaining an involvement for PARPs in intrinsic cell death pathways rather than bioenergetic failure alone (Virág et al., 1998). Parthanatos, a cell death pathway dependent upon PAR chain formation, works independent of caspase activity and has been attributed to PARP-mediated NAD+ depletion (reviewed in David et al., 2009 and Robinson et al., 2019). Recently, the histone PARylation factor 1 (HPF-1) has been identified as an integral modulator of PARP-1 PARylating activity as part of the DNA damage response (Gibbs-Seymour et al., 2016; Suskiewicz et al., 2020; Rudolph et al., 2021). Such work has provided novel insights into the factors that modulate rates of NAD+ degradation by PARP-1 and has implications for the future development of PARP inhibition as a clinical strategy. Together, these actions are largely rate-limited by NAD+ availability underscoring both the value of this essential cofactor and its utilisation by PARPs as crucial determinants of cell fate during challenges of genetic stress and pathogenic infection.
Humans and mice have 17 and 16 members of the PARP family respectively. The majority of PARP activity, basal or stimulated, is exerted by either PARP-1 (approximately 85–90%) or PARP-2 (approximately 10–15%). Due to their roles in DNA repair and transcriptional control, their presence is concentrated within the nucleus. Cytoplasmic and mitochondrial PARP activity, however, have also been described (Bai, 2015; Héberlé et al., 2015; Liu L. et al., 2018; Xu et al., 2019), as is the corroborated presence of NAD+-dependent ADPr in the mitochondria (Hopp et al., 2021). The recent confirmation that mitochondrial NAD+ levels can influence PARP-1 nuclear activity also indicate NAD+-mediated mitochondrial-nuclear crosstalk (Hopp et al., 2021). As a result, PARPs are seen as one of the dominant enzymatic consumers of NAD+ within the cell. Thus far, out of the 17 PARPs, PARP-1, PARP-2, PARP-5a (Tankyrase 1) and PARP-5b/6 (Tankyrase 2) have been demonstrated to exhibit PARylating activity whilst the remaining members exhibit MARylation activity with the exception of PARP-13 which is catalytically inactive (Langelier et al., 2018). PARylating members possess characteristic and highly conserved residues – H862, Y896 and E988, which form the His-Tyr-Glu (HYE) triad signature critical for NAD+ binding and subsequently, PARylating activity (Hassa and Hottiger, 2008; Alemasova and Lavrik, 2019). PARPs also auto-PARylate to regulate intrinsic activity. The influence of PARP-mediated PARylation is far-reaching in terms of NAD+ balance – this, as we will outline in the later sections of this review, extends beyond genome maintenance and into immune response activation and the mechanisms of pathogenic infectious disease (Vastag et al., 2011; Heer et al., 2020).
SIRTs
SIRTs derive their name from the Silent Information Regulator 2 (SIR-2), first identified in the late 1970s in Saccharomyces cerevisiae (Klar and Fogel, 1979), with subsequent homologs later identified (Ivy et al., 1986). The discovery of SIR-2 being regulated by NAD+ availability (Tanny et al., 1999) and able to mediate deacetylation of proteins (Landry et al., 2000) re-galvanised interest in SIRTs and NAD+. Moreover, SIR-2 overexpression prolonged lifespan in yeast (Kaeberlein et al., 1999), laying the foundations for NAD+ biochemistry being perceived as relevant to health across organism lifespan. Since then, 7 mammalian SIRTs have been identified which are ubiquitously expressed and often localized to specific compartments. All SIRTs possess a conserved catalytic domain entailing a NAD+ binding pocket (Yuan & Marmorstein, 2012). Generally, SIRTs catalyse target protein deacetylation at Lys residues through the hydrolysis of NAD+ to yield O-acetyl-ADPr (OAADPr) and NAM alongside the resulting deacetylated substrate. OAADPr can be subsequently hydrolysed by ARH-3 into ADPr (Kasamatsu et al., 2011). Like ADPr, OAADPr accumulation can also modulate homeostatic processes including chromatin and transcription regulation as well as Ca2+ signalling through interaction with binding partners such as the transient receptor potential melastatin-related channel 2 (TRPM-2) and MacroH2A1.1 (Tong & Denu, 2010). Aside from protein deacetylation activity, SIRT family members also possess alternate catalytic activities such as MARylation that is exerted by SIRT-1, SIRT-4 and SIRT-6, as well as long chain deacylation, exhibited by SIRT-4, SIRT-5, SIRT-6 and SIRT-7 (reviewed in Teixeira et al., 2020). Although SIRTs have a lower affinity for NAD+ in comparison to PARPs, SIRTs still play both diverse and essential roles in the integration of immune response, energy metabolism and inflammation.
cADPr Synthases
Realisation that pyridine nucleotides could stimulate Ca2+ release distinct from endoplasmic reticulum localised IP-3 activation first alluded the presence of further unidentified NAD+ driven enzyme(s) (Clapper et al., 1987). Later studies identified and characterised the responsible family as the NAD+ degrading cADPr synthases (Lee et al., 1994; Jacobson et al., 1995; Lee et al., 1995). Since this discovery, cADPr synthases have been heavily associated with the mobilisation and regulation of intracellular Ca2+. cADPr synthases catalyse formation of cADPr from NAD+, cleaving it to yield salvageable NAM and ADPr. In mammals, CD38 is the dominant cADPr synthase and is ubiquitously expressed as a transmembrane bi-functional protein that is both a receptor and an enzyme. Expression of CD38 increases in proportion to chronological age. This, and its position on the surface of immune cells, such as Natural Killer (NK) and T cells (Funaro et al., 1993; Muñoz et al., 2008), has piqued interest in potential immunological roles. As a multi-functional enzyme, CD38 behaves as a NAD+ glycohydrolase (NADase), generating ADPr from NAD+ or as a hydrolase by converting cADPr into ADPr. In the presence of NA, CD38 can also mediate the conversion of NADP into NA-ADP via a base-exchange reaction. Despite being the major contributor of cADPr activity in mammalian cells, only a minor amount of total product produced by CD38 following NAD+ incubation is cADPr, whereas ADPr comprises the majority (Guedes et al., 2020). However, its utilization of 100 NAD+ molecules to generate a single cADPr molecule renders CD38 a significant NAD+ consumer in mammals (Kim H. et al., 1993; Zielinska et al., 2004). This means activation of cADPr synthases as a result of infection has the potential to induce a rapid decline in cellular NAD+ concentrations, rendering the cell susceptible to ATP decrease and energy depletion. Importantly, CD38 also gatekeeps NR and NMN degradation before entry into the cell (Escande et al., 2013; Camacho-Pereira et al., 2016; Tarragó et al., 2018).
The CD38 homolog CD157, is a member of cADPr synthases that also exhibits NADase activity. Unlike CD38, CD157 is significantly weaker in terms of cADPr synthesis efficiency (Hussain et al., 1998) and is predominantly expressed within tissues of the gut and lymphoid (Hernández-Campo et al., 2006). Like CD38, CD157 is implicated in an array of immunomodulatory processes, notably the migration, adhesion and extravasation of leukocytes for recruitment to infection sites during immune activation and is also a marker for myeloid cell differentiation (Todd et al., 1985; Seki et al., 2001).
Additional regulators of cellular NAD+ availability with cADPr activity include the sterile alpha and Toll/Interleukin-1 receptor (TIR) motif-containing 1 (SARM-1) protein. A recently identified NAD+ degrading enzyme with relevance to infection, SARM-1 is mainly expressed in neurons. However, its TIR domain is able to partake in Toll-like receptor (TLR) signalling for modulation of immune response (Carty et al., 2006; Peng et al., 2010). The TIR domain also entails NAD+ utilization to generate ADPr and NAM, as well as cADPr. This process of NAD+ cleavage by SARM-1 manifests into initiation of axon destruction during neuronal injury (Essuman et al., 2017; Chen et al., 2021), and destruction is attenuated by SARM-1 deletion (Geisler et al., 2019; Viar et al., 2020; Chen et al., 2021). Supplementation of NR or nicotinic acid riboside (NAR), as does the overexpression of NAMPT or NMNAT, combats SARM-1-mediated declines in NAD+ (Gerdts et al., 2015; Chen et al., 2016; Liu H.-w. et al., 2018).
Ecto-ADPr Transferases
Ecto-ADPr transferases (ARTCs) degrade NAD+ in a similar fashion as PARPs for the transfer of ADPr groups specifically, onto the Arg residues of target proteins (Glowacki et al., 2002). ARTC-1 was the first mammalian ARTC identified within the rabbit skeletal muscle as a membrane-associated ARTC (Zolkiewska et al., 1992). Subsequently, 5 mammalian ARTCs have been identified. Humans however, possess a pseudo ARTC-2 gene, thereby expressing only 4 of the ARTCs as a result, while murine ARTC-2 exists in 2 allele variants ARTC-2.1 and ARTC-2.2 (Glowacki et al., 2002). ARTCs 1–4 are ecto-enzymes anchored via a glycosylphosphatidylinositol tail to the outer membrane, and ARTC-5 is secreted to the extracellular space (Glowacki et al., 2002). ARTCs 1, 2 and 5 possess a characteristic Arg-Ser-Glu (RSE) triad signature which have been corroborated to exert NAD+ binding and Arg-specific MARylation activity while ARTC-3 and ARTC-4 do not possess this triad, rendering them catalytically inactive (reviewed in Hottiger et al., 2010 and Di Girolamo and Fabrizio, 2019).
Amongst the catalytically active ARTCs, ARTC-1 and ARTC-2 are the most well-studied. ARTC-1 is predominantly expressed in airway cells as well as in skeletal and cardiac muscle (Paone et al., 2002; Paone et al., 2006; Leutert et al., 2018). Leutert et al recently demonstrated within skeletal and cardiac muscles that ARTC-1 basally MARylates the Arg residues of a number of proteins on the cell surface and extracellular space associated with cell adhesion, muscle contraction, and regulation of signal transduction, and its functional significance was underscored with ARTC1−/− mice exerting muscle weakness (Leutert et al., 2018). ARTC-1 also has roles in endoplasmic reticulum stress response via the MARylation of glucose-regulated protein of 78 kDa/immunoglobulin heavy-chain-binding protein (GRP78/BiP) (Fabrizio et al., 2015). Other substrates of ARTC-1, including integrin α7, fibroblast growth factor 2 (FGF-2) and platelet-derived growth factor-BB (PDGF-BB) have been identified (Zolkiewska and Moss, 1993; Boulle et al., 1995; Jones and Baird, 1997; Saxty et al., 2001).
In contrast, the murine ARTC-2, initially identified as RT-6 as an alloantigen, is expressed within T cells, NK cells and macrophages (Wonigeit et al., 1997; Okamoto et al., 1998; Hong et al., 2009). This, together with studies of ARTC-1 in airway cells controlling inflammatory response, strongly imply roles for these catalytically active ARTCs in immunomodulatory response which will be further discussed in ARTCs of this review. To date, the functional characterisation of ARTC-5 and its associated substrates remains relatively elusive. Nevertheless, the presented studies suggest that ARTCs exert dynamic influence over different aspects of physiology.
HOST CELL NAD+ DEGRADATION DURING IMMUNE ACTIVATION
The intrinsic value of vitamin B3-derived NAD+ to human health is best demonstrated by its depletion in the nutritional condition pellagra. Absence of the essential amino acid tryptophan and vitamin B3 from dietary sources produces profound disease including characteristic dermatitis (photosensitive), diarrhoea, dementia and death. However, accumulating evidence also suggests that NAD+ consumption is central to both mechanisms driving pathogenic infection and the host cell’s capability to resist infectious disease (Figure 1). Here, we outline key implications of the above-described NAD+ degrading enzymes in relation to the immune system in terms of cellular response to infection, initiation and advancement of inflammatory response.
[image: Figure 1]FIGURE 1 | Key NAD+ degrading enzyme and their influence over infection. NAD+ is generated through three pathways de novo, biosynthetic salvage and their Preiss-handler pathway. NAD+ consuming enzymes yield nicotinamide for salvage and conversion back into NAD+. Their activation during infection represents a significant challenge for the host cell. Chronic declines in NAD+ concentations are a key mediator of both immune and metabolic dysfunction. Approaches to sustain and/or replete celluar NAD+ through precursor supplementation have considerable potential to lessen detrimental outcomes during times of infection.
PARPs
Historically, PARP activity as a regulator of inflammatory response was proposed three decades ago where expression of pro-inflammatory cytokines such as Tumour Necrosis Factor alpha (TNF-α) and Interleukin 6 (IL-6) were downregulated in macrophages following PARP inhibition (Pellat-Deceunynck et al., 1994). PARP-1−/− mice exhibit inflammatory resistance to Zymosan-induced inflammation (Szabó et al., 1997). Initiation of inflammation promotes PARP-1 nuclear translocation by Nuclear factor kappa B (NF-κB). This drives expression of other cytokines including Interferon-γ (IFN-γ) and TNF-α, contributing to the inflammatory response (Oliver et al., 1999; Shou et al., 2019). PARP-1 also co-regulates transcriptional activation of these pro-inflammatory factors: Nuclear factor of activated T-cells (NFAT) (Valdor et al., 2008), Activator protein 1 (AP-1) (Andreone et al., 2003), and Yin Yang 1 (YY-1) (Oei and Shi, 2001). Regulation by PARP-1 is also exerted through its ubiquitin-mediated degradation of IκB kinase, subsequently elevating NF-κB activity (Hinz et al., 2010).
In addition to activation of key mediators of immune response, PARP-1 also differentially regulates immune cell maturation and function via Interleukin 10 (IL-10) and Interleukin 12 (IL-12) (Aldinucci et al., 2007). The VDJ recombination phase (or antigen receptor gene rearrangement) that occurs during B and T cell development is also influenced by PARP activity. Here, PARP-1 contributes towards immunoglobulin class switching. Demonstrated in the B-cell lymphoma mouse cell line I.29µ and splenic B cells, PARP inhibition increased IgA switching (Shockett & Stavnezer 1993), while B cells of PARP-1−/− mice exhibit aberrant recombination and subsequent immunoglobulin class switching following LPS stimulation, as well as impaired T-cell dependent responses (Ambrose et al., 2009). Sufficient recombination and class switching generates diverse antibodies for antigen recognition, crucial in the defence against pathogens. However, the rate-limiting contribution of NAD+ and PARP-1 activity in these processes warrants further investigation. The NAD+ status of many of these models and its flux during these experiments still needs to be ascertained. Replication of these studies complete with accurate measurement of NAD+ and its associated metabolites would reveal the extent to which PARP-1 immune roles are being governed by NAD+ concentrations and if these are a limiting factor at any point.
In contrast, it seems the immune status of the host can also determine the role played by PARP-1. For example, in T cells of mice with severe combined immunodeficiency, deletion of PARP-1 rescued aberrant VDJ recombination associated with the disease (Morrison et al., 1997). Thymocytes, cells prior to thymopoiesis which develop into mature T cells, express both PARP-1 and PARP-2. However, only PARP-2−/− mice consequently exhibit reduced overall population numbers of double positive CD4+/CD8+ thymocytes, suggesting that in this example PARP-1 is dispensable during thymocyte development (Yélamos et al., 2006; Nicolas et al., 2010; Navarro et al., 2017). Consequently, dual deletion of PARP-1 and PARP-2 in mice is detrimental to T cell maturation and their mediated immune response (Navarro et al., 2017), establishing the basis for highly coordinated PARP-1 and PARP-2 functionality in T cell as well as B cell development (Galindo-Campos et al., 2019). Importantly, as NAD+ and its associated metabolites were not evaluated in these studies, it is unclear if ablations of PARP-1/2 in these models produce T or B cell-specific NAD+ increase. Additionally, any resultant surplus of NAD+ is liable to utilisation by cADPr synthases or SIRTs. Still, this demonstrates that adequate supply of NAD+ for PARP-1 and PARP-2 function is a major determinant in T and B cell development making an adequate supply of NAD+ for their proper function critical.
In parallel, PARP-14 drives B cell function through activation of Interleukin 4 (IL-4). This increases expression of B cell survival factors including proto-oncogene serine/threonine-protein kinase (Pim-1) and myeloid-cell leukaemia 1 (Mcl-1), resisting caspase-induced apoptosis (Cho et al., 2009). PARP-14 also serves a bi-functional switch, being a transcriptional co-activator of STAT-6 driving IL-4-mediated transcriptional activation, but repressive in the absence of STAT-6 (Mehrotra et al., 2011). These actions contribute towards excessive T-helper (Th) 2 (Th2) cell-mediated immune response and can promote cell survival through c-Jun N-terminal Kinase 2 (JNK-2) and PGI/AMF signalling (Schweiker et al., 2018), a key event in chronic inflammatory disorders associated with imbalanced immune system function. Macrophages rely on de novo NAD+ biosynthesis for basal activity and more so during immunity challenge (Minhas et al., 2019), and NAD+ degradation by PARP-14 may be contributory in dictating macrophage activity through MARylation of STAT-1. In contrast, utilisation of NAD+ by PARP-9 counterbalances pro-inflammatory actions of PARP-14. MARylation of STAT-1 by PARP-14 inhibits STAT-1 phosphorylation, decreasing macrophage activation and tempering inflammatory responses (Iwata et al., 2016). This suggests substantial interplay between ADP-ribosylation and phosphorylation for macrophage activation, further underscoring NAD+ as a molecule with far-reaching implications for immune response. This additionally presents coordination in balancing NAD+ maintenance in relation to activation of multiple PARPs which can act as dual regulators of both macrophage activation and inhibition (Iwata et al., 2016). Both macrophages and monocytes also upregulate NAMPT during LPS-mediated inflammation (Schilling et al., 2012; Cameron et al., 2019), elevating NAD+ formation to meet demand by the cell during immune activation. In accordance with this notion, PARP activity is also significantly upregulated in LPS-stimulated macrophages (based on increased total PAR levels), supporting increased NAD+ consumption (Cameron et al., 2019; Minhas et al., 2019). These works highlight the roles and interplay between different NAD+ degrading PARP enzymes within the same superfamily in order to achieve immune system balance and proportionality of response. However, how NAD+ availability for PARP activity consequently affects overall function, particularly in the context of T and B cell development, requires further investigation.
SIRTs
Evidence over the last decade has assigned NAD+-driven SIRT activity as being immunoregulatory with its roles spanning the entire field of immunology ranging from cell development to chronic inflammatory disorders (Kong et al., 2012). SIRT-1 dictates T cell immune response – specifically, CD8+ T cells, Th and regulatory T (Treg) cell differentiation. T cell tolerance via interaction with c-Jun and CD4+ T cell inhibition and terminally differentiated memory T cell metabolic reprogramming occurs through a SIRT-1/FOXO-1 axis mechanism (Jeng et al., 2018). In addition to T cell regulation, SIRT-1 also modulates self-renewal in macrophages via regulation of cell cycle progression and self-renewal gene network (Imperatore et al., 2017). Recently, the overexpression of SIRT-1, confirmed to reduce NAD+ availability, promoted B cell viability (Gan et al., 2020). Encouragingly, the activation of SIRT-1 was also shown to be tempered by reducing NAD+ concentrations, emphasising the critical nature of NAD+ abundance to ensure sufficient immune activation.
In addition to SIRT-1, SIRT-2 has been shown to be activated by immune stimulus, with it shown to be involved in CD8+ T cell regulation in tumour immune response (Jiang et al., 2020), as well as Th2 and Th17 cell-mediated immune response (Elesela et al., 2020). Other SIRTs exhibit a differing immune profile – for example, SIRT-3 is dispensable for immune cell development (Ciarlo et al., 2017). While multiple roles for SIRT-1 dynamically impacting host cell NAD+ levels have been demonstrated, evidence of SIRT-mediated NAD+ decline are limited. While the majority of evidence surrounding SIRT-1 activity is shown to be inflammatory protective (Pfluger et al., 2008), studies in the context of some immune system disorders have shown otherwise. For example, SIRT-1 promotes the survival of B cell chronic lymphocytic leukaemia cells (Bhalla & Gordon, 2016).
SIRT-1 was also first discovered to deacetylate NF-κB at the p65 subunit to attenuate NF-κB-dependent gene expression (Yeung et al., 2004). However, antagonistic crosstalk exists between both SIRT-1 and NF-κB to switch between innate immunity and energy metabolism pathways (Kauppinen et al., 2013). For one, NF-κB activity stimulates glycolytic pathways for NAD+ production that consequently results in SIRT-1 activity which then subsequently represses NF-κB activity and attenuates inflammation, and pharmacological SIRT-1 activation augments this phenomenon (Yang et al., 2012). Mechanistically, these involve players associated with oxidative energy production which act in association with SIRT-1, including AMP-activated protein kinase (AMPK), peroxisome proliferator-activated receptor alpha (PPARα) and peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) (Yang et al., 2010; Planavila et al., 2011).
Studies have also ascertained roles for SIRT-6 in the inflammatory response – Van gool et al demonstrated SIRT-6 activity exerted pro-inflammatory properties via the upregulation of TNF-α expression in murine bone marrow-derived dendritic cells, which was abolished upon the depletion of intracellular NAD+ or SIRT inhibition (Van Gool et al., 2009). Similar observations for NAD+-dependent SIRT-6 involvement in production of other pro-inflammatory cytokines including IFN-γ and Interleukin 8 (IL-8) in immune cells have also been described (Bruzzone et al., 2009; Montecucco et al., 2013). In contrast, using tissues of SIRT-6−/− mice, it was demonstrated that SIRT-6, like SIRT-1, was able to associate with the NF-κB p65 subunit to subsequently entail the deacetylation of H3 histone lysine 9 (H3K9) and consequently attenuating NF-κB signalling. This suggests SIRT-6 may have an anti-inflammatory role which could be a contributing factor in the lethality of SIRT-6−/− mice (Kawahara et al., 2009). Additionally, a recent study in human umbilical vein endothelial cells ascribed SIRT-6 as anti-inflammatory via modulating expression of nuclear factor erythroid 2 related factor 2 (NRF-2), a transcription factor regulating expression of antioxidant proteins. Mechanistically, the knockdown of SIRT-6 reduced TNF-α-induced NRF-2 expression, whereas knockdown of NRF-2 significantly enhanced TNF-α-induced expression of the pro-inflammatory cytokines MCP-1, IL-6 and interleukin 1 beta (IL-1β). Subsequently, SIRT-6 overexpression dampened expression of these cytokines, suggesting protective roles for SIRT-6 against vascular inflammation via its deacetylase activity and the NRF-2-dependent signaling pathway (He et al., 2021). Henceforth, these studies of SIRT-6 suggest that its role as pro or anti-inflammatory could be dependent on the type of inflammation at play.
Together, these works highlight the fundamental nature of NAD+ availability to inflammatory response and the value of strategies such as NAD+ precursor supplementation that are able to protect against NAD+ depletion. Importantly, SIRT-1 regulates immunometabolism via the regulation of Hypoxia-inducible factor 1 alpha (HIF-1α), entailing proper cytokine production and immune cell differentiation, bridging together innate and adaptive immune response (Yu D. et al., 2018).
cADPr Synthases
As stated earlier, CD38 governs T cell responsiveness and leukocyte adhesion through cADPr-mediated Ca2+ signalling (reviewed in Audrito et al., 2019). However, elevated expression may be also be responsible for the deprivation of NAD+ and subsequent loss of the protective activity of SIRT-1-mediated T cell homeostasis. CD38−/− mice secrete reduced monocyte chemoattractant protein 1 (MCP-1) following cerebral artery occlusion, ablating inflammation due to altered immune cell migration and subsequently activation (Choe et al., 2011). Moreover, CD38 expression is thought to be mediated by both TNF-α and NF-κB (Kang et al., 2006) and extracellular NAD+ potentiates granulocyte recruitment to inflammatory sites due to increased cADPr synthase activity and subsequently enhanced Ca2+ signalling (Bruzzone et al., 2006). Immune activation by LPS elevates CD38 surface expression in both monocytes and macrophages (Schilling et al., 2012; Cameron et al., 2019), implicating it in a key role for NAD+ dependent inflammatory response to cytokine release and immune cell senescence (Covarrubias et al., 2021). Like CD38, CD157 has exerted similar roles in immune system function through regulation of B and T cell development and inflammatory response via mediating myeloid cell migration and extravasation (reviewed in Ortolan et al., 2019 and Glaria and Valledor, 2020).
In contrast, while the TIR domain of SARM-1 mediates TLR signalling for immune response function, it is a negative regulator of both TRIF and MyD88-dependent TLR signalling (Luo et al., 2019) and holds NAD+ hydrolase activity. However, SARM-1 mediates the clearance of activated and expanded clones of T cells following immune challenge – whereby its expression is elevated to dampen pro-survival cascades via inhibition of ERK phosphorylation and downregulation of the expression of the anti-apoptotic protein Bcl-xL. Subsequently, this disrupts mitochondrial integrity resulting in activation of the pro-apoptotic factors caspase-9 and caspase-3 to initiate apoptosis for T cell clearance (Panneerselvam et al., 2013). While studies surrounding SARM-1 are primarily focused within the nervous system, inflammatory response in the brain mediated by SARM-1 has been described. SARM-1 regulates the expression of pro-inflammatory cytokines including TNF-α, IL-6, MCP-1, RANTES, IFN-α, IFN-β and MIP-1 (Hou et al., 2013). This suggests SARM-1 could link infection and neuronal injury by incorporating NAD+ availability in this role (Gerdts et al., 2015; Essuman et al., 2017; Chen et al., 2021).
ARTCs
Immunomodulatory effects of ARTC-mediated MARylation were first described in murine T cell lymphoma EL4 cells, where ARTC-1 overexpression MARylates distinct cell surface molecules associated with T cell receptor signalling including CD43, CD44, CD45 and lymphocyte function-associated antigen 1 (LFA-1), resulting in impaired signalling arising from failure of T cell receptors and co-receptors to associate into a contiguous and functional receptor cluster (Liu et al., 1999). ARTC-1 also MARylates human neutrophil peptide 1 (HNP-1), a family member of α-defensins – these are Arg-rich peptides secreted by immune cells and are implicated in anti-microbial innate immunity response (Paone et al., 2002). Indeed, Paone et al have published 2 excellent studies unravelling the functional significance of ARTC-1-mediated MARylation of HNP-1 – first, MARylation of HNP-1 at Arg-14 modifies its biological properties resulting in decreased anti-microbial and cytotoxic activities while concomitantly elevating IL-8 release in contrast to unmodified HNP-1. Furthermore, HNP-1, regardless of modification status, exerts influence as a chemoattractant for the recruitment of T cells (Paone et al., 2002). The second study corroborated roles for ARTC-1 in inflammatory response – levels of ADP-ribosylated HNP-1 were observed to be elevated within the bronchoalveolar lavage fluid of patients with respiratory inflammatory diseases such as pulmonary fibrosis and asthma, as well as in regular smokers (Paone et al., 2006), implying that MARylation of HNP-1 by ARTC-1 is part of the inflammatory response in the airway. These works underscore the therapeutic potential of ARTC-1 activity in treatment of respiratory diseases.
In contrast, expression of the murine ARTC-2 on the surface of immune cells suggests roles for ARTC-2 in immunity – notably, the process of NAD+-induced cell death (NICD) in T cells via the MARylation of the Arg-125 residue on the purinergic receptor P2X7, a member of the P2X receptor family of ATP-gated ion channels. Seman et al demonstrated that millimolar concentrations of ATP, as does micromolar concentrations of NAD+ (1 µM), are sufficient for ADP-ribosylation and subsequent activation of the P2X7 receptor by ARTC-2 (Seman et al., 2003). However, given that extracellular concentrations of NAD+ in serum is between 0.1–0.3 µM (Kim U. H. et al., 1993), it suggests a mechanism whereby ARTC-2 remains inactive basally and traumatic events such as inflammation and tissue injury release NAD+ into the extracellular space to activate ARTC-2-mediated MARylation and activation of the P2X7 receptor. Subsequently, activation initiates a cascade of events including increased calcium flux, exposure of phosphatidylserine and breakdown of mitochondrial membrane potential to ultimately result in T cell death by apoptosis (Seman et al., 2003). Additionally, the extent of NICD is proportionate to the levels of P2X7 receptor expression – for example, Treg cells which express higher levels of P2X7 than effector T cells are more susceptible to NICD (Nemoto et al., 1996; Kahl et al., 2000), and T cells of ARTC-2−/− mice are resistant to NICD (Seman et al., 2003). Furthermore, 2 receptors for immunoglobulin, FcγR1 and FcγR2B have been identified as substrates of ARTC-2-mediated MARylation within the murine microglia, implying roles for ARTC-2 in central nervous system immunity (Rissiek et al., 2017). Additionally, an involvement of ARTC-1 in P2X7 receptor signalling has been studied, suggesting altered function and expression of P2X7 and ARTC-1 in human CD39+ Treg or CD39− Treg cells could participate in the resistance against cell death induced by ATP or NAD+ (Cortés-Garcia et al., 2016).
EVIDENCE FOR NAD+ DEGRADING ENZYMES IN PATHOGENIC INFECTION
During infection, host cells typically generate dynamic metabolic signatures invoked as a consequence of pathogens competing for host nutrients and hijacking of homeostatic pathways. Metabolic reprogramming of host cells due to pathogen-mediated manipulation of pathways have been well-described (reviewed in Eisenreich et al., 2019). Such shifts commonly comprise of elevated glucose uptake and glycolytic flux, reflecting increased demand (Diray-Arce et al., 2020). Variances in carbohydrate metabolism are also likely to mediate shifts in NAD(H) levels – for example, important studies have identified the targeting of NAD+ generating pathways by pathogens to result in metabolic disruption (Grady et al., 2012; Heer et al., 2020).
Overall loss of NAD+ cell homeostasis significantly impinges pathogen clearance. However, dynamic changes in NAD+ concentrations once infection has become established seemingly differ. Although these too, can be pathogen-specific, as well as host cell-specific. As an example, viruses such as herpes simplex virus (HSV), human immunodeficiency virus (HIV), zika virus (ZIKV) and severe acute respiratory syndrome coronavirus 2 (SARS-CoV2) severely deplete the host NAD+ pool, mostly due to over-activation of PARPs. This works to favour replication while concomitantly depleting or circumventing immune cell response (Murray et al., 1995; Grady et al., 2012; Minhas et al., 2019; Xu et al., 2019; Heer et al., 2020). In such cases, there is a clear rationale for the elevation of NAD+ levels by supplementation as a strategy to mitigate detrimental impacts of increased enzymatic degradation (Heer et al., 2020; Migaud et al., 2020).
Bacterial pathogens, such as Plasmodium and Leishmania are shown to elevate host cell NAD+ pools through divergent mechanisms. For example, human erythrocytes infected with Plasmodium exhibit increased NAD+ synthesis from NAM and NA by targeting the elevation of NAMPT and NAPT activity (Zerez et al., 1990), whilst Leishmania infantum-infected macrophages exert a transient increase in NAD(H) before reverting to increased NAD+/NAD(H) ratios following infection establishment (Moreira et al., 2015). However, divergent effects on NAD+ status within the same classes of pathogens have also been observed. For example, human cytomegalovirus (HCMV) infected cells do not cause a decline in NAD+. This, in comparison to HSV infection which depletes host cell NAD+, demonstrates contrasting strategies in altering host cell metabolism to favour their replication and survival (Vastag et al., 2011). Consequently, the contrasting metabolic strategies exhibited by both pathogens resulted in differing responses to treatments, where inhibition of fatty acid synthesis impairs HCMV replication but not HSV (Vastag et al., 2011). Similarly, Group A Streptococcus such as Streptococcus pyogenes exhibits strong NADase activity, severely depleting host intracellular NAD+ levels (Michos et al., 2006). This results in dysfunction of autophagy and phagolysosome acidification, in addition to increasing PARP-1 activity to activate inflammation and ultimately cell death (Hsieh et al., 2018). Similar mechanisms whereby NAD+ depletion is exerted to impair the pathogenic clearance response are also observed in Mycobacterium tuberculosis (Pajuelo et al., 2018). Further investigation to understand the pathways by which NAD+ influences metabolic strategies amongst pathogens work to favour persistence and infection are needed.
Roles of NAD+ Degrading Enzymes During Pathogen Infection
PARPs
Basis for PARP Involvement in Pathogenic Infections
Roles for PARPs in pathogenic infection are well-established but the importance of NAD+ availability to this process is only now being fully appreciated. Recent findings surrounding responses to viral infection show PARP-1 regulates recruitment of NK cells to infected sites through NF-κB-mediated MCP-1 production (Shou et al., 2019). This further supports NAD+ availability for consumption by PARPs as a central unit in anti-viral defence. PARPs 4, 9, 13, 14 and 15, have been reported to undergo recurrent evolutionary processes, including positive selection for renewal of novel adaptations to pathogenic infection, making ADP-ribosylation a crucial determinant in the outcome of host-virus interaction (Daugherty et al., 2014; Gossmann & Ziegler, 2014). Stress granules, composed of aggregates of proteins and RNA within the cytosol, can form during infection – these contain heavily PARylated proteins, Tankyrase 1 and PARPs 12 to 15, as well as PARG (Leung et al., 2011). It is likely that accumulation of stress granules represents a significant pressure upon NAD+ homeostasis by PARPs and probable scenarios for infection-related NAD+ depletion. Severe depletion of NAD+ during most pathogenic infections mainly arises due to targeted over-activation of PARPs, (primarily PARP-1). Because of their role as mediators of pro-inflammatory pathways, persistent PARP-1 activation and consumption of intracellular NAD+ subsequently causes bioenergetic failure which manifests into PARP-1-mediated inflammation in the form of cell necrosis, exacerbating cell death (Hsieh et al., 2018; Xu et al., 2019).
Some viral families, mainly Coronaviruses, Togaviruses and Herpesviridae, possess macrodomain proteins that bind both MAR and PAR units, hydrolysing them. Studies have since corroborated the functional significance in tandem with the structural characterization of these macrodomains in modulating PARP catalytic activity to mediate viral replication and pathogenesis (Li et al., 2016; Abraham et al., 2018; Grunewald et al., 2019a,b; Alhammad and Fehr, 2020; Rack et al., 2020; Schuller et al., 2021). These studies not only strongly implicate PARPs as a modulatory target that can be utilised by pathogens during infection to evade immune response and drive replication, they also underscore the significance of these viral macrodomains as targets for pioneering therapeutic strategies to combat pathogenicity, particularly in the context of SARS-CoV2 which has been recently presented (Rack et al., 2020; Schuller et al., 2021). However, the interaction with NAD+ elevating nutritional strategies remains to be resolved. For example, there is a clear need for evidence from infected patients demonstrating reduced NAD+ levels, elevated PARP activity and amelioration by NAD+ supplementation.
PARP-1 and Tankyrase Expression and Activity are Modulated During Pathogenic Infection
Several studies have demonstrated NAD+-dependent PARP activity as a target during infection. For example, the mosquito-borne ZIKV can severely deplete intracellular NAD+ through activation of PARP-1, which consequently interacts with the ZIKV NS3 protein to mediate cell death. This effect was abolished when PARP-1 was knocked down (demonstrated with rescued NAD+ concentrations), signifying the value of PARP-1 to ZIKV (Xu et al., 2019). Gastric mucosa infected by Helicobacter pylori exhibit elevation in PARP-1 that resulted in overactivation of NF-kB-mediated inflammation (Lee et al., 2016). Trypanosoma cruzi infection of cardiomyocytes upregulates activity of the ROS–PARP-1–p65 pathway, entailing persistent cytokine production to culminate in chronic inflammation (Ba et al., 2010). Salmonella enterica serovar Typhimurium infection of epithelial cells also enhanced PARP-1 and PARP-2 expression particularly in the nucleus (Qi et al., 2017). Similarly, HSV-1 infection elevates PARP-1 and PARP-2 activity again reducing NAD+ levels and mediating ubiquitin-proteasomal degradation of PARG through the ICP-0 viral protein. However, importantly, the knockdown of all PARG isoforms significantly reduced viral titres, suggesting a mechanism for fine-tuning the regulation of auto-PARylation-mediated inhibition of PARP-1 and PARP-2 (Grady et al., 2012). This corroborates earlier findings showing PARP activity as being essential for HSV-1 replication, where expression of Tankyrase 1 was elevated during HSV-1 infection and viral titres were substantially reduced following knockdown of Tankyrases 1 and 2 (Li et al., 2012). Furthermore, PARP-1 and Tankyrase 1 PARylate the Epstein Barr Virus (EBV) protein EBNA-1 to consequently destabilise the viral episome in latently infected cells due to inhibition of EBNA-1 binding at the dyad symmetry elements of OriP, implying anti-viral roles (Deng et al., 2005; Tempera et al., 2010). Corroborating this, HCMV infection of human foreskin fibroblasts induced the expression of Tankyrases 1 and 2 while concomitantly reducing its PARylation activity to consequently drive viral replication, as does shRNA-mediated knockdown of both (Roy et al., 2015). In contrast, Influenza A Virus (IAV) infection of A549 cells was recently demonstrated by Bamunuarachchi et al to also elevate Tankyrase 2 expression. However, its shRNA-mediated knockdown reduced IAV viral titres, suggesting pro-viral roles. Mechanistically, the authors identified Tankyrase 2 as a target of the anti-viral microRNA miR-206 which consequently inhibits IAV replication and activates Type I IFN immune response (Bamunuarachchi et al., 2021).
Retroviruses, and in particular HIV-1, have proven to be more contentious when identifying roles for PARP-1. Work applying loss-of-function strategies to PARP-1 via genetic knockout (Ha et al., 2001; Kameoka et al., 2005; Gutierrez et al., 2016), pharmacological inhibition (Rom et al., 2015; Piekna-Przybylska et al., 2019) or siRNA silencing (Kameoka et al., 2004) all document a dependency upon PARP-1 for HIV-1 genomic integration. However, other studies have posited a dispensable role for PARP-1 in the similar process (Siva and Bushman, 2002; Ariumi et al., 2005; Bueno et al., 2013), and even the conferment of resistance to HIV-1 infection (Bueno et al., 2013). Potential reasons for these contrasting findings include functional redundancy with 17 members of the PARP family in mammals, where the loss-of-function in PARP-1 might be compensated by other members, and background model strain as intra-experimental variables. Additionally, there are species-specific events to consider – for example, contrasting results between mammalian and avian cells pertaining to HIV-1 integration have been observed (Bueno et al., 2013). Once successful viral integration has occurred, PARP-1 can work in assistance to the viral unit. For example, it has been reported that PARP-1 can modulate transactivation of HIV-1 Tat protein which subsequently results in HIV-1 long terminal repeat promoter activity and initiation of the HIV-1 transcriptional program (Rom et al., 2015; Yu H.-B. et al., 2018). In further support of its pro-viral roles, Wang et al demonstrated HIV-1 superinfection further elevates PARP-1 expression (Wang et al., 2017). These works suggest chronic HIV-1 viral load levels are a consequence of a greater drive of HIV-1 transcriptional program during latent infection and utilises PARP-1. In contrast to working in union with host cell PARP, the E4orf4 protein of Adenoviruses is recruited by PARP-1 and associates with it to DNA damaged sites whereby it inhibits PARP-1 activity. This occludes DNA damage response whilst concomitantly amplifying replication (Nebenzahl-Sharon et al., 2019). Furthermore, purpose for PARP-1 in driving infection is found by the function of the IAV RNA-Dependent RNA polymerase, which is dependent on PARP-1. IAV inhibits PARylating activity and further amplifies viral replication. However, pharmacological inhibition of PARP-1 PARylating activity drives replication, indicating that NAD+ concentrations are unlikely to be profoundly impacted, and implicates PARP-1 being a facilitator rather than an essential meditator for IAV replication (Westera et al., 2019). Xia et al recently supported this notion using A549 cells and demonstrating IAV viral hemagglutinin interacts with PARP-1 to degrade type I IFN receptor 1 (IFNAR-1), subsequently inhibiting antiviral IFN response, entailing viral propagation (Xia et al., 2020). HSV-1 and ZIKV genome integration and replication occur independently of PARP-1 activity (Grady et al., 2012; Xu et al., 2019), while the replication of the John Cunningham virus (JCV) is suppressed in the presence of the selective PARP-1 inhibitor, 3-aminobenzamide (Nukuzuma et al., 2013). Distinctively, anti-viral functions of PARP-1 have also been described – PARP-1 inhibits the pre-integration step of avian retrovirus infection (Gutierrez et al., 2016), the transcriptional program of hepatitis B virus (HBV) (Ko et al., 2013), lytic replication of the EBV by binding to the lytic switch BZLF-1 promoter (Lupey-Green et al., 2017), as well as Kaposi’s sarcoma-associated herpesvirus (KSHV) (Cheong et al., 2015). Collectively, all of the studies suggest that PARP-1 and the Tankyrases playing roles as pro or anti-viral is partly determined by the type of infectious agent. Crucially, given PARP-1’s role in the DNA damage response and chromatin modification, it could suggest that viruses with a DNA genome stage have their replication modulated by PARP-1. However, investigation into the dynamics of NAD+ consumption and how it impacts PARP-1 pro or antiviral activity are avenues worth pursuing as is the potential for NAD+ supplementation as a therapy.
Dynamic Influence of the Remaining PARPs During Pathogenic Infection
The influence of the other NAD+ dependent PARPs is seemingly more dynamic during pathogenic infection, though this view may be more a consequence of the decreased knowledge surrounding their roles and levels of activity. For example, SARS-CoV2 induces expression of several noncanonical PARPs – PARP-7, PARP-9, PARP-10, PARP-11, PARP-12, PARP-13 and PARP-14 were substantially upregulated following infection with the magnitude of subsequent NAD+ depletion being proportional with viral titres (Heer et al., 2020). Outcomes from SARS-CoV2 infection have been associated to an individual’s overall health and concomitant underlying pathologies having influence, particularly type II diabetes and morbid obesity. Pro-inflammatory markers regulated by PARPs such as TNF-α and IL-6 have been observed to be upregulated during infection that contribute towards the cytokine storm during infection (Curtin et al., 2020). Infection is inherently stressful and NAD+ degrading enzymes play prominent roles for both the host and infectious agent. PARP-7 (TCDD-inducible PARP) is a MARylating PARP and possesses pro-infectious and host-mediated attributes usually within a pathogen-dependent context. Using its zinc finger domain, it suppresses sindbis virus (SINV) replication by binding to and mediating degradation of SINV viral RNA (Atasheva et al., 2014; Kozaki et al., 2017), albeit by an undefined mechanism. PARP-7 also drives IAV replication by NAD+-driven ADP-ribosylation of TANK binding kinase 1 (TBK-1), and this suppresses IFN production (Yamada et al., 2016). PARP-7 knockdown reduces murine coronavirus (MHV) viral titres in murine bone-marrow-derived macrophages (BMDMs) (Grunewald et al., 2019b).
PARP-9 is another of the MARylating PARPs whose activation is established following heterodimerization with Dtx3L, a histone E3 ligase involved in the DNA damage response (Zhang et al., 2015; Yang et al., 2017). This PARP-9-Dtx3L heterodimer subsequently exerts anti-viral effects by ubiquitinating the histone protein H2BJ to promote expression of IFN-stimulated genes (ISGs) which subsequently abrogate IAV, SINV and encephalomyocarditis virus (EMCV) replication. Moreover, PARP-9-Dtx3L heterodimer ubiquitinates EMCV viral 3C protease, resulting in its degradation and disruption of viral assembly (Zhang et al., 2015). PARP-9 also drives the phosphorylation of STAT-1 and pro-inflammatory markers, as well as IFN-γ-mediated responses in murine and human macrophages. These processes are all co-ordinated through PARP-14 expression and activity, demonstrating the arrangement between different PARPs working to mediate viral and host responses (Iwata et al., 2016). Transcriptome-wide association study by Han et al identified PARP-9 as a novel marker for the prognosis of HBV infection, with expression of PARP-9 increased in response to HBV infection (Han et al., 2020). Furthermore, the promoter region of PARP-9-Dtx3L was identified within a cluster of differentially methylated regions in genome-wide association studies of HIV-1 infection. This suggests HIV-1 induces genome-wide methylated changes in PARP-9 to evade immune response (Oriol-Tordera et al., 2020). Further studies are necessary to ascertain mechanisms of PARP-9 in viral replication and the potential impact of PARP-9 activation during infection. It also remains to be established if NAD+ concentrations flux at any point during infection with HIV-1.
A MARylating PARP, PARP-10 possesses an IFN-stimulated response element/virus response element (ISRE/VRE) within its promoter. This becomes activated in response to infection by the Newcastle Disease Virus (NDV) (Mahmoud et al., 2011) and IFN stimulation (Grunewald et al., 2019a). The PARP and Glu-rich domains of PARP-10 are targeted by avian H5N1 influenza virus NS1 viral protein to repress PARP-10 expression and consequently drive replication (Yu et al., 2011). PARP-10 also influences the replication of Venezuelan equine encephalitis virus (VEEV) by inhibiting cellular translation (Atasheva et al., 2012). The dominant influence of PARP activity over cellular NAD+ levels is eloquently shown in a recent examination using PARP-10 overexpression. This was sufficient to deplete cellular NAD+ levels as robustly demonstrated in HEK293 cells (Heer et al., 2020).
Recent data have also implicated PARP-11 as a mediator of infection. Overexpression in Vesicular stomatitis virus (VSV), HSV-1 and IAV infection during infection, PARP-11 MARylates the ubiquitin E3 ligase β-transducin repeat-containing protein (β-TrCP). This results in proteasomal degradation of IFNAR-1, dampens IFN-1 signalling and overall anti-viral response (Guo et al., 2019). Additionally, this work also demonstrates the efficacy of the PARP inhibitor Rucaparib towards PARP-11 – inhibition of which in vivo attenuates VSV and HSV-1 infection by reducing viral replication and enhancing IFN-1 signalling. These studies identify PARP-11 as a potential target with utility in the treatment of some viral infections.
PARP-12L (Long isoform) has been demonstrated with PARP-7, to inhibit VEEV replication via impairment of translation (Atasheva et al., 2012). This provides additional anti-viral roles of PARP-12L working in combination with PARP members. PARP-12L was also found to MARylate NS1 and NS3 viral proteins to mark these viral proteins for ubiquitin-mediated proteasome degradation, impairing ZIKV replication (Li L. et al., 2018). Whilst PARP-12 exhibits only MARylating activity, these viral proteins were also observed to be PARylated. This indicates overlapping influence of the PARylating PARPs, and primarily PARP-1 given its physical interaction with NS3 in a later study (Xu et al., 2019). Given the high likelihood of interaction by PARP-1, it is probable that PARP-1 is able to directly PARylate NS3, though this still remains to be ascertained. Similarly, Grunewald et al demonstrated siRNA-mediated knockdown of PARP-12 in BMDMs, as well as PARP pharmacological inhibition, were each significant in rescuing impaired viral replication in a mutant MHV virus lacking a functional viral ARH domain (Grunewald et al., 2019a). Given the functional importance of such domains present on a multitude of viruses including MHV (reviewed in Alhammad & Fehr, 2020), the findings delineate a crucial anti-viral role for PARP-12 catalytic MARylating activity which warrants further mechanistic investigation.
Of the noncanonical PARPs, PARP-13, despite lacking catalytic activity, is the most well-described in relation to pathogenic infection. Also known as the Zinc Finger anti-viral protein (ZAP), it has 4 isoforms; ZAP-L, ZAP-S, ZAP-M and ZAP-XL (Li et al., 2019). Recently, it has been reported the alternative splicing of ZAP isoforms is regulated by the ubiquitin E3 ligase, TRIM-25 in an unknown mechanism (Lin et al., 2020). Mechanistically, ZAP-L and ZAP-S partake in the anti-viral defence in contrasting manners. It was found that ZAP-S was capable of binding to host IFN mRNA at the 3’ UTR region, resulting in degradation and dampening of IFN response as a negative feedback regulator of IFN response that occurs after immunity challenge, while ZAP-L exhibited direct anti-viral activity by targeting SINV viral RNA (Schwerk et al., 2019). Nevertheless, ZAP can inhibit the replication of a plethora of viral families including Alphaviruses, Filoviruses, HBV, IAV, Retroviruses, and Arteriviruses (Chemudupati et al., 2019 and references therein; Zhao et al., 2019). Recently, it was demonstrated that ZAP anti-viral activity is further bolstered by interaction with TRIM-25 (Lin et al., 2020). Of note, ZAP targets the RNA of viruses at a specific sequence, known as the ZAP responsive element (ZRE), to subsequently result in RNA processing exosome and poly(A)-specific ribonuclease-mediated degradation (Guo et al., 2007). Recently, it was reported that ZAP expression in stress granules was pertinent for inhibiting the replication of SINV (Law et al., 2019). Indeed, the anti-viral roles of ZAP have resulted in further reports showing its targeting by pathogens to inhibit the function of this protein, including the NS1 viral protein of IAV blocking the binding of ZAP-S to its target ZRE (Tang et al., 2017). Similarly, ZAP protein is cleaved by the 3C protease during enterovirus infection (Xie et al., 2018). Most recently, HCMV has been reported to evade ZAP detection through suppressing CpG dinucleotides, one of the markers of viral infection recognized by ZAP, within its viral immediate early gene 1 (IE1) which is expressed upon infection (Lin et al., 2020).
Similar to PARP-13, PARP-14 has anti-viral influence. In A549 and normal human dermal fibroblast cells, as well as BMDMs, maximal IFN expression in response to coronavirus infection and Polyinosinic:polycytidylic acid stimulation is PARP-14-dependent (Grunewald et al., 2019a). Similarly, Salmonella typhimurium infection and proliferation was elevated in PARP-14 CRISPR knockout RAW 264.7 macrophages, suggesting PARP-14 has considerable importance in constraining proliferation (Caprara et al., 2018). This study also demonstrated PARP-14 mediated recruitment of RNA Polymerase II to promoter regions of IFN regulatory transcription factor 3 (IRF-3), enhancing IFN-β production and secondary anti-viral responses. Direct interactions of PARP-14 in restraining pathogen replication remain poorly understood. However, given its critical role in the regulation of IFN production, particularly in Coronavirus infection (Grunewald et al., 2019a), and with IFN therapy being proposed in the context of SARS-CoV2 infection (Sallard et al., 2020), PARP-14 could yet have utility within emerging anti-viral strategies.
These studies show that the dynamics of PARP expression and activity is highly pathogen-specific, with some PARP proteins entirely favouring or suppressing pathogenic infection. In the case of PARP-13, ADP-ribosylating activity, and subsequently NAD+ levels, is not the sole determinant of a PARP’s impact over infection. The roles of PARPs 4, 6, 8 15 and 16 to date, have yet to be elucidated in scenarios of pathogenic infection. Nevertheless, these studies presented necessitate further investigation to fully understand how these PARP members are implicated in viral infection – particularly initial stages of integration and successful replication.
SIRTs
Given the intrinsic roles SIRTs have as protein deacetylases, a clear principle exists for SIRT involvement during pathogenic infection and the modulation of both pathogen and host gene expression. Emerging evidence suggests a protective role for SIRTs against pathogenic infection which will be presented below.
SIRT-Mediated Modulation of Gene Expression in Pathogenic Infection
Using human lung fibroblasts (MRC-5), the siRNA targeted knockdown of 5 out of the 7 members of the mammalian SIRT family resulted in increased viral titres following infection of either HCMV, HSV-1, Adenovirus or IAV. Though notably, knockdown of SIRT-3 and SIRT-7 did not impact viral titre following HSV-1 infection (Koyuncu et al., 2014). In parallel, the pharmacological activation of SIRTs reduced viral titres, further suggesting that SIRT activity maybe important for exhibiting anti-viral effects. These data indicate any anti-viral SIRT activity is rate limited by levels of NAD+ – infection by HCMV does not affect NAD+ levels, while HSV-1 causes NAD+ decline (Vastag et al., 2011). Since its been documented that NAD+ levels remain unchanged during HCMV infection, these suggest a mechanism whereby such viruses are capable of evading SIRT activity.
While SIRT-3 and SIRT-7 knockdown did not impact HSV-1 replication, SIRT-3 inhibits HBV replication via deacetylation of H3K9 (Ren et al., 2018), though this this was shown to yield no influence over infectivity (Ciarlo et al., 2017). Moreover, acetylation status of H4 histone lysine 16 (H4K16) that regulates cell cycle progression is deacetylated by both SIRT-1 and SIRT-2 – this was significantly decreased following HCMV infection (O'Connor et al., 2014). This underscores the implication of histone modifications in the anti-viral response of NAD+-driven SIRTs.
Mechanistically, targeting SIRT-mediated pathways by viruses results in altered gene expression. The most notable example being HIV, where SIRT-1 deacetylates HIV Tat protein to entail HIV transactivation (Pagans et al., 2005). Intriguingly, the catalytic domain of SIRT-1 is in turn, targeted by Tat to inhibit SIRT-1 activity. This results in enhancement of T cell activation, NF-κB-responsive genes activation and Interleukin 2 (IL-2) production, all of which support viral replication (Kwon et al., 2008). Conversely, treatment using the SIRT activator Resveratrol in tandem with Decitabine (a nucleic acid synthesis inhibitor eliciting anti-HIV activity) has been proposed as a therapeutic option for HIV (Clouser et al., 2012). This combination is conjectured to prevent cycles of Tat acetylation and deacetylation. Castro et al demonstrated in both brain capillary pericytes and macrophages that Occludin, a NAD(H) oxidase regulating SIRT-1 activation, is targeted for depletion during HIV infection, increasing NAD(H) levels with concomitant decrease in NAD+. This results in nuclear translocation of CtBP1, the SIRT transcriptional repressor, to further dampen activity in tandem with low NAD+ and enhance viral replication (Castro et al., 2016). Similarly, the NS1 viral protein of IAV possesses a histone H3-like sequence similar to mammalian H3 histone lysine 4 (H3K4) which is subjected to acetylation capable of impeding anti-viral gene transcription (Marazzi et al., 2012). Together with enhanced IAV replication following SIRT inhibition (Koyuncu et al., 2014), this supports a role for SIRTs in IAV replication. Recently, Xander et al reported SIRT-1 to be protective against Rhinovirus (RV)-mediated IFN production and inflammation by repressing JAK/STAT activation in airway epithelial cells. This mechanism is absent in chronic obstructive pulmonary disease (COPD) airway cells due to these cells lacking basal SIRT-1 expression, exacerbating RV-mediated IFN production and chronic inflammation. This can be however, ameliorated by treatment with the SIRT-1 activator Quercetin (Xander et al., 2019).
SIRT-1 is expression is also reduced following Mycobacterium tuberculosis infection and global SIRT-1−/− mice exhibit an elevated susceptibility to infection. Moreover, Resveratrol administration attenuates infection in acute and chronic Mycobacterium tuberculosis infection (Cheng et al., 2017), while SIRT-2 is dispensable in the infection (Cardoso et al., 2015). In contrast, SIRT-1 expression and activity is upregulated in the parasite Cryptosporidium parvum (Xie et al., 2014) and in HBV, which subsequently enhances viral replication by driving AP-1-mediated HBV promoter activation. These impacts were abolished following treatment with the SIRT-1 and 2 inhibitor Sirtinol (Ren et al., 2014). Yamai et al confirmed that pharmacological SIRT-1 activation using Resveratrol enhanced HBV replication through induction of HBV viral protein HBcAg and pgRNA levels (Yamai et al., 2020). Moreover, Yu et al have reported that the selective inhibition of SIRT-2 using AGK2 hindered HBV replication (Yu Q. et al., 2018). Similarly, SIRT-2−/− mice exerted resistance against Listeria monocytogenes infection due to impaired H3 histone lysine 18 (H3K18) deacetylation that is mediated by SIRT-2 (Eskandarian et al., 2013). KSHV infection can be consequently reactivated with SIRT-1 inhibition, resulting in elevation of activating H3K4me3 and depletion of repressive H3K27me3 histone marks in the RTA promoter (a lytic replication activator) of KSHV (Li et al., 2014). Similarly, SIRT-6 expression is upregulated in RAW 264.7 macrophages following dengue virus infection – mechanistically, the shRNA-mediated knockdown of SIRT-6 exacerbates virus-mediated pro-inflammatory cytokine production including IL-6 and TNF-α via a NF-κB p65 subunit mechanism (Li P. et al., 2018).
Collectively, these suggest SIRTs are a target during pathogenic infection and exploited to sustain viral infection to subsequently determine outcomes of pathogenicity. But again, as with PARPs, there is a clear need to establish NAD+ levels and flux (and associated derivatives) during these infections to give a full understanding of how useful modulating SIRT activity in vivo may be.
Pathogens Target Host Cellular Metabolic Pathways Which Are Regulated by SIRTs
Aside from central functions as regulators of gene expression through their deacetylation roles, NAD+-dependent SIRTs exert influence over wider metabolism. Included within these roles are the mitochondrial metabolic processes of oxidative respiration and fatty acid oxidation. The major mitochondrial SIRTs, SIRT-3, 4 and 5 all regulate a variety of critical metabolic processes in the mitochondria. For example, these SIRTs regulate glycolytic and TCA cycles via regulation of key enzymes and substrates, including the pyruvate dehydrogenase complex and malate dehydrogenase (Budayeva et al., 2016). SIRTs are also linked to immunometabolism, such as the metabolic regulation of immune cells, which can consequently affect the outcome of pathogenic clearance (Heinonen et al., 2019; Elesela et al., 2020). Knockdown of these mitochondrial SIRTs results in enhanced viral replication in a variety of viral families (Koyuncu et al., 2014). Mechanistic studies into these effects have been limited, but are emerging: for example, Mycobacterium abscessus infection was demonstrated to target SIRT-3 degradation in macrophages to induce mitochondrial dysfunction, ROS production and inflammation. Consequently, SIRT-3 activation using Resveratrol ameliorated these pathophysiological observations (Kim et al., 2020), indicating SIRT-3 preserves energetic pathway function during infection. Similarly, SIRT-5−/− mice exerted susceptibility to Salmonella typhimurium infection due to impaired glucose homeostasis which subsequently enhanced IL-1β production to exacerbate inflammation (Zhang et al., 2020). While this contradicted results from preceding studies reporting that SIRT-5 has a dispensable role in bacterial infection (Heinonen et al., 2018), mice backgrounds and bacterial strains used in both studies were different, potentially influencing outcomes. However, given the essential nature of NAD+ and the cells inherent ability to activate biosynthetic salvage in response to stress, it is likely SIRT-5 has some role to play in both host driven immune processes and infection related processes.
While changes in metabolic status in immune activated cells have been described (reviewed in Preyat and Leo, 2013), emerging evidence demonstrates that pathways such as the TCA cycle and fatty acid oxidation are targeted during pathogenic infection. For example, Vastag et al demonstrated through uniformly labelled 13C- glucose that in HCMV infected cells, an additional carbon atom is shuttled through the TCA cycle, resulting in enhanced lipid biosynthesis and this metabolic change was implicated in augmenting HCMV’s ability to replicate (Vastag et al., 2011). Given the role of SIRTs in governing metabolic regulation, as well as the modulation of host metabolic status as a consequence of pathogenic infection, these warrant experimental investigation into SIRTs as a potential target by such pathogens. Yu et al presented a model whereby the overexpression of the Hepatitis C virus (HCV) core protein in HepG2 cells degraded SIRT-1 expression and activity, causing REDOX imbalances and decreased intracellular NAD+/NAD(H) ratios. As a result, the activity of downstream targets, such as AMPK, are also suppressed, impairing transcriptional regulation and expression of genes associated with fatty acid uptake and oxidation (including PPARα and CPT1). This was exacerbated by concomitant increased expression of fatty acid and triglyceride biosynthesis genes (SREBP-1c, FAS, and ACC) to induce hepatic steatosis as observed during HCV infection (Yu et al., 2013). Similarly, Zhang et al reported similar intracellular metabolic perturbations including the infection-mediated hepatic steatosis. However, SIRT-1 expression in contrast was increased and sustained following core protein overexpression. Interestingly, SIRT-1-mediated deacetylation of PPARγ2 and degraded expression of PPARγ2 were also observed. Liver-specific SIRT-1−/− mice on the other hand exhibited increased PPARγ2 expression, and lentiviral infection of core protein subsequently attenuated hepatic steatosis (Zhang et al., 2018).
Recently, Sun et al also observed downregulation of SIRT-1 following HCV core protein overexpression to consequently activate hepatic stellate cells (Sun et al., 2018). Therefore, while the observations in hepatic metabolic dysfunction following core protein overexpression are irrefutable, the mechanistic disparities in these studies necessitate a remit for further investigation. More specifically, contrasting expression profiles of SIRT-1 following core protein overexpression remains to be reconciled, where Yu et al and Sun et al describe SIRT-1 degradation following HCV core protein overexpression. As does the degradation of PPARy2, where Yu et al reported no significant changes in core protein overexpressed HepG2 cells. Perhaps the SIRT-1-mediated deacetylation of PPARγ2 could be in part due to the interplay between the de/acetylation of target proteins and degradation via the ubiquitin-proteasome system (Hauser et al., 2000). Nevertheless, these studies presented have achieved a consensus for elucidating that HCV-mediated hepatic metabolic dysfunction is ascribed to SIRT-1.
An example whereby SIRTs regulate overall mitochondrial function in immune cells to drive effective immune activation during pathogenic infection was recently described in bone marrow-derived dendritic cells infected with respiratory syncytial virus (RSV). These cells subsequently exhibited mitochondrial dysfunction via disruption of mitochondrial membrane potential, with elevated levels of mitochondrial ROS production (Elesela et al., 2020). Crucially, the mechanisms behind this observation were ascribed to SIRT-1, with the authors of the study demonstrating that SIRT-1 deletion pre-disposed cells to basal mitochondrial dysfunction and RSV infection consequently exacerbated dysfunction. Resistance to NAD+ decline will have presumably been improved with SIRT-1 deletion but this has not yet been demonstrated. SIRT-1 regulates the expression and activity of ACC-1 and FASN, key enzymes involved in fatty acid biosynthesis that were upregulated in SIRT-1 absence following infection. These were targeted and activated during RSV infection to elevate fatty acid biosynthesis to subsequently cause mitochondrial stress and impaired innate cytokine production. Fundamentally, the presence of SIRT-1 drives the downstream activation of AMPK which then promotes fatty acid oxidation via phosphorylation and inhibition of ACC1 and switching of FASN activity to fatty acid oxidative to subsequently drive appropriate immune response mediated by Th2 and Th17 cells. Given that viral infection and immune defence are reliant on fatty acid metabolism (Thormar et al., 1987; Vastag et al., 2011; Zhang et al., 2018; Heinonen et al., 2019; Ma et al., 2019; Elesela et al., 2020), and how fatty acid biosynthesis/oxidative pathways are regulated by SIRTs and targeted by these pathogens, these studies presented could pave the way forward for SIRT-mediated anti-viral therapy using SIRT activators, particularly in aging individuals with sustained NAD+ decline to supplement NAD+ boosting therapy. However, diverse metabolic strategies between pathogens must be considered, and the existence of such a phenomenon warrants further study for tailored therapeutics focused on elevating NAD+ as a cofactor important to the function of these enzymes.
cADPr Synthases
CD38 and CD157 Act as Barriers Against Pathogenic Infection
Expression of CD38 on the surface of numerous immune cells indicates its roles in pathogenic infection. This importance is also demonstrated in CD38−/− mice which are sensitized to infection by many bacterial pathogens including Mycobacterium and Listeria monocytogenes due to tempered neutrophil recruitment and inflammatory response (Wei et al., 2014; Glaria and Valledor, 2020). Though as ever, it is important to consider this impact may be pathogen-specific as it was not observed in the context of Listeria monocytogenes infection (Lischke et al., 2013). Shifts in CD38 expression have also been observed during infection, although reports of corroborating NAD+ concentrations or altered NAD+ turnover are scarce. For example, Listeria monocytogenes and Mycobacterium tuberculosis infection upregulates CD38 (Lischke et al., 2013; Adekambi et al., 2015), as well as in RSV-infected monocyte-derived dendritic cells (MDDCs) in an IFN-dependent manner (Schiavoni et al., 2018) and in HCMV patients (Booiman et al., 2017). CD38 expression in CD8+ T lymphocytes have been proposed as a marker for HIV disease progression and treatment outcome (Maurya et al., 2019), although historically, CD38 elevated expression is not directly affected by HIV infection (Savarino et al., 2000). However, the mechanistic influence of CD38 catalytic activity on HIV replication and subsequent pathogenesis remains to be unravelled. What is clear however, is that CD38 is a key consumer and is able to significantly reduce both NMN and NAD+ during immune activation (Rodríguez-Alba et al., 2019; Chini et al., 2020).
CD38 serves as a downstream target of the Liver X receptor (LXR), crucial for amelioration of Salmonella Typhimurium induced pathologies following treatment with a LXR agonist (Matalonga et al., 2017). In MDDCs, treatments with Kuromanin, a CD38-specific inhibitor, and/or 8-Bromo-cADPr (8-Br-cADPr), a cell-permeant cADPr antagonist blocking cADPr-mediated Ca2+ signalling, abolished upregulation of RSV-induced pro-inflammatory genes such as IFN-β and RANTES without any impact on RSV replication (Schiavoni et al., 2018). This indicates that CD38 catalytic activity and cADPr production are mediators of protection against RSV infection. Similarly, Katsuyama et al reported elegant cross-talk mechanisms between NAD+ degrading enzymes in patients of the autoimmune disorder, systemic lupus erythematosus. Patients possessed high populations of aberrantly elevated expression of CD38 in CD8+ T lymphocytes, and the high CD38 levels depleted intracellular NAD+ levels resulting in repressed SIRT-1 activity to elevate acetylated status of its substrate EZH2 and consequently impair transcriptional programmes associated with T lymphocyte cytotoxicity response to amplify susceptibility to pathogenic infections (Katsuyama et al., 2020). This crosstalk mechanism has also been proposed as a model for hyperinflammatory responses observed in SARS-CoV2 and subsequent mortality in aged patients (Miller et al., 2020). Collectively, while these suggest that inhibition of catalytic CD38 activity might be useful in anti-viral therapy, caution should be exercised given CD38 activity is critical for Ca2+ signalling that is imperative for other bodily processes and its expression is still pertinent for protection against pathogens (Wei et al., 2014; Nam et al., 2020). This is evident in patients undergoing anti-CD38 antibody mediated immunotherapy, where increases in opportunistic pathogenic infection in such patients have been reported (Glaria and Valledor, 2020).
In contrast, reports on CD157 function during pathogenic infection is relatively limited, despite its expression in immune cells such as neutrophils and macrophages. Only recently, Yang et al demonstrated that its expression is imperative for the conferment of host resistance against Mycobacterium tuberculosis infection – while CD157 expression is upregulated in circulatory monocytes during infection, repercussions in the lungs of infected CD157−/− mice are associated with exacerbated bacterial replication and inflammation. Mechanistically, CD157 expression in macrophages drives TLR2-dependent cytosolic ROS production for the conferment of bactericidal capacity and subsequently, the efficient killing of Mycobacterium tuberculosis, which was severely impaired in CD157−/− mice. This suggested that these observations were mediated by the receptor function of CD157 rather than cADPr synthase activity. Furthermore, this phenotype was rescued upon exogenous application of soluble CD157, highlighting a potential therapeutic for therapy against this infection (Yang et al., 2019). However, further study regarding the mechanisms of soluble CD157 and TLR2 signalling for effective killing of Mycobacterium tuberculosis by macrophages is warranted.
SARM-1 is a Meditator of Neuronal Protection in Response to Pathogenic Infection
Although SARM-1 is predominantly expressed on neurons and studies discussed earlier in cADPr Synthases ascribe SARM-1 as a driver of neuronal damage, its documented roles in appropriate immune system development and response, alongside the existence of pathogens capable of invading the central nervous system such as Neisseria meningitidis and encephalitis-inducing viruses such as HSV make SARM-1 a potential mediator of neuronal injury and death that arise from such infections. However, studies of SARM-1 in this context remains limited.
Melioidosis, the infection of macrophages arising from the bacteria Burkholderia pseudomallei, is dependent on SARM-1. Specifically, in vitro SARM-1 expression is elevated directly following bacterial internalization, although the process of internalization is independent of SARM-1. Subsequently, siRNA-mediated knockdown of SARM-1 bolsters the bactericidal capacity in macrophages for Burkholderia pseudomallei clearance via the upregulation of IFN-β and inducible nitric oxide synthase (iNOS) (Pudla et al., 2011). Similarly, the zoonotic encephalitic La Crosse Virus (LCV) induces in vivo SARM-1 upregulation and mitochondrial translocation in cortical neurons due to viral-mediated activation of the mitochondrial anti-viral signalling protein pathway to consequently contribute to apoptotic death – while SARM-1−/− did not directly impact viral replication, neuronal death was strikingly reduced (Mukherjee et al., 2013), suggesting that SARM-1 is a mediator of neuronal death as part of the pathology of LCV infection. In contrast however, SARM-1 deficiency exacerbates the replication of West Nile Virus (WNV) and neuronal death in the brainstem of infected mice without significant impact on replication (Szretter et al., 2009), while Hou et al demonstrated that VSV infection is substantially attenuated in SARM-1−/− mice, also without impacting replication (Hou et al., 2013). Mechanistically, SARM-1−/− mice infected with VSV and WNV depleted expression of pro-inflammatory cytokines. However, lethality was markedly different between both. Furthermore, mortality in other brain regions aside from the brainstem such as the hippocampus were relatively unaffected in WNV infected SARM-1−/− mice (Szretter et al., 2009). These findings suggest that immune responses mediated by SARM-1 are pathogen-specific, as well as tissue-specific, where morbidity might either be associated as a repercussion of direct viral damage or immune-mediated damage as a consequence of infection and clearance response mediated by SARM-1. Collectively, all of the studies presented do achieve a consensus for SARM-1 implication in pathogens capable of invading the central nervous system. However, given its function as a cADPr synthase, further investigation into its catalytic activity in response to fluctuating NAD+ dynamics that occur as a result of pathogenic infection could further understand susceptibility to exacerbated pathologies arising from pathogenic infection in the brain in the aging individual.
ARTCs
ARTCs Functional Impacts in Pathogenic Infection Remain Unclear
Knowledge surrounding both the mechanistic and biological function of ARTCs remains incomplete. However, the extracellular positioning of the extracellular NAD+ binding catalytic site is likely to be fundamental to any actions in pathogen-related infection or resistance. Moreover, their capacity to utilise available NAD+ remains to be established, as does levels of expression and activity during infection. Once such measures are established, the ARTCs are likely to emerge as novel targets for therapeutic intervention.
CONCLUDING REMARKS
Excessive consumption of cellular NAD+ damages attempts to maintain homeostasis. During immune challenge, activation of NAD+ degrading enzymes serve as a fundamental driver of NAD+ depletion. This is particularly relevant in respect to PARPs and the cADPr synthases as the physiological repercussions of their elevated activity in cells are well-documented. Attempts to counteract this response to physiological stress include the use of NAD+ precursor boosting, and human supplementation studies have been carried out with a diverse array of outcomes, often dependent upon the precursor used. In this respect, particular success has been shown with the compounds NR and NMN – whilst some disparity remains between them and their attributed roles within physiology, improvements to health have been achieved.
Outcomes being dependent upon the specific NAD+ precursor suggests that there are more biochemical mechanisms of NAD+ generation yet to be understood. Most recent discoveries include that of the reduced forms of NR (NRH) and NMN (NMNH) (Giroud-Gerbetant et al., 2019; Zapata-Pérez et al., 2021). Whilst the identification and impact of these NAD+ precursors was anticipated, it is important to the wider field and provides exciting new avenues for leverage of NAD+ biology to human health. In parallel, the response of NAD+ degrading enzymes to supplementation may not be as linear as expected. As an example, the important recent discovery surrounding PARP-1 molecular functions have revealed that it can switch between PARylating and PAR hydrolysis activity via a HPF-1-dependent mechanism (Rudolph et al., 2021). Importantly, both of these processes readily consume NAD+, exemplifying potential importance for our conception of PARPs as pure NAD+ consumers and indicates a more sophisticated model of PARylation and its biological roles. In light of this, it is apparent that the ability to sustain NAD+ flux in response to degrading enzyme(s) activation during immune challenge is critical to both the host immune response and in many cases, the mechanisms driving infection.
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