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Abstract 

Viruses account for the most abundant biological entities in the biosphere and can be either symbiotic 
or pathogenic. While pathogenic viruses have developed strategies to evade immunity, the host 
immune system evolved overlapping and redundant defenses to sense and fight viral infections. 
Nutrition and metabolic needs sculpt viral-host interactions and determine the course and outcomes 
of the infection. In this review, we focus on the hexosamine biosynthesis pathway (HBP), a nutrient 
sensing pathway that controls immune responses and host-viral interactions. The HBP converges on 
O-GlcNAcylation, a dynamic post-translational modification of cellular proteins, that emerged as a 
critical effector of immune cell development, differentiation and effector functions. We highlight 
recent discoveries identifying the impact of this metabolic modification on anti-viral immunity and 
viral restriction, and conversely on exacerbating viral-induced pathologic inflammation or viral 
oncogenesis. We discuss the clinical implications of these findings and perspectives of harnessing 
this pathway for therapeutic purposes. 

Keywords: virus; infection; innate immunity; host-pathogen interaction; inflammation; pattern-
recognition receptors; immunometabolism; nutrient sensing; glycosylation; post-translational 
modification 
 

1. Introduction 

1.1. Preface 

Viruses account for the most abundant biological entities in the biosphere, with roughly 1031 
particles estimated by viral metagenomics [1]. They have co-evolved with their hosts and can be 
either symbiotic or pathogenic. The human virome, which vastly outnumbers human and bacterial 
cells, is essential for human health but can contribute to disease in the event of dysbiosis [1,2]. Beyond 
endogenous viromes, pandemic viruses exert profound consequences on global health, society, and 
the economy. They often arise from zoonotic spillovers and are shaped by ecological, social, and 
evolutionary pressures. While each pandemic is unique, patterns of emergence, transmission, and 
immune responses have revealed recurring themes that have informed our understanding of host–
pathogen interactions [3]. RNA viruses such as influenza viruses and coronaviruses have repeatedly 
driven pandemics due to their high mutation rates, recombination potential, antigenic shift and 
ability to cross species barriers. These viruses adopt myriads of evolutionary mechanisms that 
facilitate their survival and adaptation to environmental and host-related conditions. A range of 
anthropogenic, environmental, viral and host factors converge to determine the pandemic potential 
of RNA viruses. Anthropogenic factors such as deforestation, biodiversity loss, international travel 
and the trade of live animals increase interfaces for zoonotic spillover. At the ecological level, bats 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 October 2025 doi:10.20944/preprints202510.0168.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0168.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 18 

 

and birds serve as prolific reservoirs, with high viral diversity supported by their physiology and 
behavior. In addition, mutations in viral proteins enhance infectivity and interspecies adaptability. 
On the host side, disparities in disease severity and mortality are influenced by socioeconomic factors 
and biological differences, such as viral proteins’ receptor-binding compatibility, variations in 
immune-related genes and metabolic pre-existing illnesses or sequelae that considerably alter the 
course and outcome of the infection. 

1.2. Viral-Immune Co-Evolution 

Co-evolutionary selective pressures have shaped both viral evasion and host defense 
mechanisms [4,5]. Viruses evade immune recognition through a plethora of sophisticated strategies, 
including inhibition of antigen presentation, disruption of innate sensing, subversion of apoptosis 
and autophagy, latency, rapid antigenic variation, and cytokine mimicry [6,7]. Several viruses evade 
detection by pattern-recognition receptors (PRRs), specialized sensors of the innate immune system. 
For example, members of the Bunyaviridae family encode phosphatases that remove the 5′-
triphosphate group from their RNA, converting it to a 5′-monophosphate to avoid recognition by 
retinoic acid-inducible gene-I (RIG-I); hepatitis C virus (HCV) cleaves Mitochondrial Anti-Viral 
Signaling (MAVS) protein to disrupt RIG-I–mediated interferon signaling; poxviruses degrade 
cytosolic DNA to evade detection by the cyclic GMP-AMP synthase (cGAS) - stimulator of interferon 
genes (STING) pathway; and flaviviruses use non-structural proteins like NS5 to suppress interferon 
induction downstream of PRR signaling pathways (reviewed in [8]). The host immune system has 
also evolved overlapping and redundant defenses to fight viral infections. Cells of the innate immune 
system orchestrate immediate defenses through a plethora of constitutive and inducible mechanisms 
(Box 1). In addition, multiple innate sensors, such as Toll-like receptors, RIG-I-like receptors, and 
cytosolic DNA sensors, can detect the same viral molecular pattern through distinct pathways, 
providing backup if one is compromised (reviewed in [5]). Collectively, these pathways converge on 
the induction of type I, II, and III interferons, and of interferon-inducible genes, to induce an antiviral 
state [9,10] (Figure 2). The adaptive immune system bolsters the innate anti-viral response with 
antibodies that neutralize extracellular viruses and cytotoxic T cells that eliminate infected cells, to 
establish specific long-term immune memory [11]. This reciprocal adaptation plays out across scales, 
from molecular interactions between viral epitopes and host receptors to population-level 
phenomena like antigenic drift. Recent theoretical and computational models, such as those 
described by Marchi et al., illustrate how viral populations move through antigenic space in response 
to immune pressure [4]. As Mora and Walczak argue, virus–immune coevolution is not merely a 
conceptual framework but a quantifiable process with implications for understanding viral 
persistence, vaccine design, and the limits of immune memory [12]. 
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1.3. Systemic and Cellular Metabolism in Viral Control 

Nutrition and metabolic needs sculpt viral-host interactions and determine the course and 
outcomes of the infection [13,14]. Viruses, as obligate intracellular parasites, are entirely dependent 
on host-derived nutrients for energy and biosynthetic precursors, including nucleotides, amino acids, 
and lipids, to support replication, virion assembly, and spread. Similarly, the host immune system 
undergoes rapid and dynamic metabolic reprogramming during infection to support cellular 
proliferation, cytokine production, and effector functions. These opposing demands place cellular 
metabolism at the center of host–pathogen interactions [15]. In particular, nutrient sensing has 
emerged as a critical regulatory mechanism by which immune cells detect fluctuations in nutrient 
availability and coordinate metabolic responses to maintain homeostasis and achieve effective 
response to infection [16]. Nutritional status critically influences both susceptibility to viral infections 
and the capacity for immune protection. Undernutrition impairs innate and adaptive immunity, 
whereas overnutrition, particularly obesity, induces chronic low-grade inflammation and 
predisposes individuals to more severe viral disease outcomes [17,18]. The COVID-19 pandemic 
made this clinically apparent, with obesity and associated metabolic disorders such as type 2 diabetes 
emerging as strong predictors of severe disease and mortality. Mechanistically, this relationship is 
controlled by the overlap of nutrient and pathogen sensing pathways. Mammalian target of 
rapamycin (mTOR), AMP-activated protein kinase (AMPK), hexosamine biosynthesis pathway 
(HBP) and PRRs are not only responsive to nutrient fluxes and metabolic stress but also to infection 
and danger signals [19,20]. For instance, the cGAS-STING pathway, which is central to host antiviral 
defense, also senses self-DNA in the cytoplasm downstream of metabolic perturbations [21]. 
Metabolic demands also shape immune cell phenotypes and functions. Notably, inflammatory 
macrophages and effector T cells shift their cellular metabolism to aerobic glycolysis for enhanced 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 October 2025 doi:10.20944/preprints202510.0168.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0168.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 18 

 

production of building blocks needed for their proliferation and effector functions, whereas memory 
T cells and regulatory T cells rely on oxidative phosphorylation for bioenergetic needs [15,17,18]. 

2. The Hexosamine Biosynthesis Pathway and O-GlcNAcylation: from Nutrient 
Sensing to the Control of Immunity 

The HBP has emerged as a unique pathway with capacity to intercept signals from both 
extracellular nutrients and intracellular metabolic intermediates to shape the immune response. Key 
substrates driving the HBP include glucose, glucosamine, amino acids, fatty acids, and nucleotides 
(Figure 1). The HBP consumes 2–3% of glucose from the glycolytic pathway in the form of fructose-
6-phosphate (F6P). Similarly, it derives acetyl-CoA (AcCoA) from the oxidation of pyruvate, fatty 
acid and amino acid breakdown in the tricarboxylic acid (TCA) cycle and obtains uridine 
triphosphate (UTP) from the de novo pyrimidine biosynthesis pathway. Exogenous glucosamine or 
GlcNAc can also be salvaged into the pathway by conversion to GlcNAc-6-phosphate (GlcNAc-6-p), 
bypassing the HBP rate-limiting step at Glutamine-fructose-6-phosphate amidotransferase 
(GFAT/GFPT) [22]. HBP links nutrient sensing to a dynamic and reversible post-translation 
modification (PTM) termed O-GlcNAcylation. This PTM of cytoplasmic, mitochondrial and nuclear 
proteins regulates protein-protein interactions, protein stability and DNA-binding affinity, often in 
synergy or competition with other PTM such as phosphorylation and ubiquitination. It is catalyzed 
by one writer, O-GlcNAc transferase (OGT), that couples UDP-GlcNAc to Serine (S) or Threonine (T) 
residues in target substrates and is reversed by an eraser termed O-GlcNAcase (OGA) [22,23]. 
Emerging research demonstrates the indispensable role of this PTM in immunity, from controlling 
immune cell development and differentiation to fine-tuning inducible innate and adaptive immune 
responses, through direct modification of central effectors (Table 1). In T cells, O-GlcNAcylation 
peaks shortly after T cell receptor (TCR) engagement and both NFAT and NF-κB interact with OGT 
and are O-GlcNAcylated, which promotes IL-2 production and T cell activation [24–26]. The precise 
role of O-GlcNAcylation in T cell development was investigated by Swamy et al. who demonstrated 
that O-GlcNAcylation is central in driving T cell self-renewal and transformation [27]. Using different 
T cell-specific Ogt knockout mouse strains, they showed that Ogt is required for rapid self-renewal 
of T cell progenitors, malignant transformation of Pten-deficient thymocytes and T cell positive 
selection and maturation. They demonstrated that c-Myc is O-GlcNAcylated, which enhanced its 
protein stability, and that conversely c-Myc drives O-GlcNAcylation by upregulating nutrient uptake 
[27]. O-GlcNAcylation is equally essential for B cell development, survival and antibody responses. 
Wu et al. revealed a role of Lyn S19 O-GlcNAcylation in promoting Syk recruitment for efficient B 
cell receptor (BCR) signaling [28]. Lee et al. further highlighted the importance of c-Myc O-
GlcNAcylation in pre-B cell proliferation [29]. More recently, Jeon et al. showed that O-
GlcNAcylation regulates chromatin architecture at the immunoglobulin locus, impacting V(D)J 
recombination during early B-cell development [30]. Using genetic and pharmacological approaches, 
they showed that caloric restriction, ketogenic diets, or OGT knockdown or inhibition, led to a biased 
defect in V(D)J recombination and a selective reduction in distal VH gene usage. In contrast, Oga 
inhibition with Thiamet G, which boosts O-GlcNAcylation, rescued VH gene recombination. O-
GlcNAcylation was shown to regulate the cohesin complex, essential for IgH loop extrusion, through 
direct modification of several of its components, including YY1, CTCF, SMC1 and SMC3. Notably, it 
promoted SMC1 and SMC3 interaction, as well as YY1 and CTCF DNA-binding to the IgH locus. 
Collectively, these results link nutritional status and O-GlcNAc metabolism to antibody repertoire 
diversity. 
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Figure 1. The hexosamine biosynthesis pathway (HBP) links nutrient availability to dynamic protein O-
GlcNAcylation. The HBP integrates inputs from multiple nutrient and metabolic sources to generate UDP-
GlcNAc, the donor substrate for protein O-GlcNAcylation. A fraction of glucose entering glycolysis is diverted 
at fructose-6-phosphate (F6P), which together with glutamine fuels GFAT/GFPT, the rate-limiting step of the 
pathway. Additional inputs are provided by acetyl-CoA from the tricarboxylic acid (TCA) cycle, uridine 
triphosphate (UTP) from pyrimidine biosynthesis and nutrient-sensitive regulators (AMPK, mTOR, AKT, HIF1, 
MYC). The resulting UDP-GlcNAc is utilized by O-GlcNAc transferase (OGT) to modify serine/threonine 
residues on nuclear, cytoplasmic, and mitochondrial proteins, while O-GlcNAcase (OGA) removes the 
modification. 

Besides lymphocyte development, O-GlcNacylation regulates T cell lineage commitment and 
effector functions. The lineage stability and suppressive program of regulatory T cells (Treg) is 
governed by Ogt that controls both FoxP3 stability, by preventing its K48 ubiquitin-mediated 
degradation, and STAT5 activation [31]. The central role of Ogt in this compartment was 
demonstrated by the severe scurfy-like autoimmune disease observed in mice harboring Treg-
specific loss of Ogt [31]. In Th17 cells, O-GlcNAcylation supports the RORγt transcriptional program. 
This is mediated by acetyl CoA carboxylase 1 (ACC1) modification on S966 and S967 that boosts its 
enzymatic activity, which contributes to enhanced production of RORγt ligands [32]. It is thus posited 
that the chronic inflammation elicited in metabolic diseases might be driven by aberrant O-
GlcNAcylation leading to heightened ACC1 activity and pro-inflammatory Th17 responses. 

While the role of O-GlcNAcylation in myeloid cell development has not been elucidated, key 
effectors of macrophage metabolism and inflammatory signaling e.g., RIPK3 [33], S6K1 [34] and IRF5 
[35] can be O-GlcNAcylated with context-dependent functional outcomes on macrophage 
inflammatory responses. For instance, while RIPK3 [33] and S6K1 [34] O-GlcNAcylation attenuates 
their activity in inflammatory signaling, that of IRF5 [35] exerts the opposite effect and leads to 
heightened inflammation, e.g., in viral infection, as we describe below. 
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Table 1. Select O-GlcNAcylated substrates in immunity or viral restriction. 

Substrat

e 

Identified 

Site 

Effect on 

substrate 
Cell type _ Functional Impact 

Referen

ce 

RIPK3  T467 

Inhibition of 

phosphorylati

on 

Macrophages _ Reduced necroptosis & inflammation [33] 

S6K1 S489 

Inhibition of 

phosphorylati

on 

Macrophages _ Reduced inflammation [34] 

IRF5 S430 

Activation 

through K63-

Ub 

Macrophages, PBMCs, epithelial cells _ Enhanced 

inflammation  
[35] 

MAVS 

S366; 

domain 324-

347 

Activation 

through K63-

Ub 

Macrophages _ Enhanced anti-viral response [36,38] 

S249, T250, 

T252, S253,  

S255, S256, 

S257 

Inhibition 
Epithelial cells and fibroblasts _ Reduced anti-viral 

response 
[40] 

UBXN1 
S75, T95, 

S132 

Inhibition of 

UBXN1-

MAVS 

interaction 

Macrophages _ Enhanced MAVS anti-viral response [41] 

STING T229 

Activation 

through K63-

Ub 

Fibroblasts _ Enhanced anti-viral response [42] 

STAT1 T699 

Activation by 

inhibition of 

kbhb 

Fibroblasts _ Enhanced anti-viral response [43] 

SAMH

D1 
S93 Stabilization 

Macrophages, Hepatocytes _ Enhanced anti-viral 

response 
[49] 

YTHFD

2 
S263 Stabilization Hepatocytes _ Enhanced proliferation [57] 

NFAT n.d. Activation T cell activation [24] 

c-REL S350 Activation T cell activation, FOXP3 suppression [25,26] 

CREB S40 Activation HTLV-1 T cell _ Enhanced viral transcription [56] 

STAT5 

T38, S57, 

S58, 

S270, S273, 

Activation by 

phosphorylati

on 

Treg _ Enhanced suppressive program [31] 
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FOXP3 

T38, S57, 

S58, 

S270, S273 

Stabilization Treg _ Enhanced suppressive program [31] 

ACC1  S966, S967 Activation Th17 _Enhanced RORγt transcriptional program [32] 

c-MYC T58 Stabilization T cell, B cell _ Enhanced proliferation [27,29] 

LYN S19 Activation B cell _ Enhanced BCR signaling [28] 

SMC1 n.d. Activation B cell _ VH gene recombination [30] 

SMC3 n.d. Activation B cell _ VH gene recombination [30] 

YY1 T236 Activation B cell _ VH gene recombination [30] 

CTCF T668 Activation B cell _ VH gene recombination [30] 
n.d., not determined; kbhb, lysine β-hydroxybutyrylation; Ub, ubiquitin; S, serine; T, threonine. 

3. O-GlcNAc Modulation of Host Antiviral Innate Immunity 

Among the early findings demonstrating a central role of O-GlcNAcylation in promoting 
antiviral innate immunity is the identification of MAVS O-GlcNAcylation, shown to be required for 
efficient RIG-I-mediated restriction of RNA viruses (Figure 2). Li et al. first observed that infection of 
macrophages with vesicular stomatitis virus (VSV) upregulated their glucose uptake and 
metabolism, leading to higher UDP-GlcNAc levels and total protein O-GlcNAcylation [36]. Myeloid-
specific deletion of OGT (LysM-Cre x Ogtf/f, referred to thereafter as OgtΔmye) resulted in impaired 
VSV-induced innate antiviral responses both in vitro and in vivo, leading to higher viral loads, 
heightened lung pathology and mortality. S366 was identified as the O-GlcNAcylation site in MAVS 
critical for RLR Signaling. Indeed, while wild-type MAVS could rescue the phenotype of Ogt-
deficient macrophages in activating IRF3 and NF-κB upon VSV infection, an S366A MAVS mutant 
failed to do so. O-GlcNAcylation of MAVS was shown to promote its TRIM31-mediated K63-linked 
ubiquitination, a PTM previously shown to mediate MAVS antiviral signaling [37]. Similar findings 
were reported by Song et al. who demonstrated that MAVS O-GlcNAcylation is essential for host 
defense against influenza A viruses (IAV) [38]. However, they identified multiple adjacent O-GlcNAc 
sites in MAVS (amino acids 324-347) that were collectively required for efficient MAVS signaling. 
Their results showed that glucosamine treatment of macrophages increased MAVS-O-GlcNAcylation 
and boosted antiviral signaling, and that glucosamine dietary supplementation significantly 
improved the survival of wild-type mice following infection with IAV or VSV, but not that of OgtΔmye, 
Mavs-/- or Ifnar-/- mice [38]. Glucosmaine also protected neonatal mice from coxsackievirus A6 
infection [38]. A further, albeit indirect, support of the Key role of MAVS O-GlcNAcylation in 
macrophage antiviral innate immunity came from Zhang et al. who identified a role of the E3 
ubiquitin ligase Cullin5 (CUL5) in regulating OGT stability through K48 ubiquitin-proteasome 
degradation [39] (Figure 2). They demonstrated that myeloid-specific deletion of CUL5 (Cul5Δmye) 
augmented OGT levels leading to enhanced MAVS O-GlcNAcylation and improved macrophage 
antiviral immunity. The authors demonstrated that OGT degradation by CUL5 contributed to 
respiratory virus-induced neutrophilic asthma exacerbations. Investigation of signals in the allergic 
microenvironment that dampen antiviral immunity through OGT degradation identified the 
epithelial alarmin thymic stromal lymphopoietin (TSLP) as a mediator of CUL5 gene induction. 

At odds with the above three studies [36,38,39], Seo and colleagues reported that MAVS O-
GlcNAcylation inhibited its function in antiviral signaling [40]. Using different epithelial cell-lines 
and Sendai virus (SeV) as a model, they showed that O-GlcNAcylation declines during infection, 
partly due to host-mediated downregulation of OGT transcription. This reduction permits MAVS 
aggregation and interaction with TRAF3 to drive type I interferon production. Seo et al. identified a 
distinct O-GlcNAcylated site in MAVS (amino acids 249–257) whose removal enhanced antiviral 
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signaling in epithelial cells. Collectively, these results illustrate the complexity and site-specific 
nature of O-GlcNAc-dependent modulation of MAVS function. 

Besides its direct modification, MAVS signaling is further controlled through the O-
GlcNAcylation of its inhibitor UBXN1, which frees MAVS to interact with TRAF3 for signal 
transduction [41] (Figure 2). Xia and Jiang observed this by studying the role of p53 in antiviral innate 
immunity. They observed that deficiency in p53 led to compromised antiviral responses to VSV in 
vitro and in vivo and demonstrated that p53 acted by boosting O-GlcNAcylation through 
transcriptional upregulation of the HBP rate-liming enzyme GFPT2 [41] (Figure 1). 

O-GlcNAcylation is also a critical driver of STING-induced innate immunity to DNA viruses 
[42]. Li et al. showed that STING stimulation by poly(dA:dT) or herpes simplex virus type 1 (HSV-1) 
infection increased glycolysis, PPP and HBP, leading to elevated serum UDP-GlcNAc and global O-
GlcNAcylation. OGT knockdown reduced IRF3 phosphorylation and lowered secretion of IFN-β and 
IL-6 in HSV-1-infected cells and diminished transcription of multiple interferon-stimulated genes. O-
GlcNAcylation of STING on T229 promoted its K63-linked ubiquitination. Cells expressing a STING-
T229A mutant failed to activate TBK1, IRF3 and NF-κB, even when treated with the OGA inhibitor 
Thiamet G. Thus, O-GlcNAcylation at T229 is necessary for STING to transmit antiviral signaling 
(Figure 2). 

The anti-viral role of O-GlcNAcylation is bolstered by the positive regulation of the transcription 
factor STAT1 that orchestrates innate antiviral defenses [43]. Zuo et al. recently identified opposing 
effects of STAT1 β-hydroxybutyrylation and O-GlcNAcylation. They reported that β-
hydroxybutyrylation of STAT1 increased with aging and led to attenuated induction of IFN-
stimulated genes by decreasing STAT1–IFNAR2 interaction. STAT1 β-hydroxybutyrylation was 
shown to be mediated by cAMP response element-binding protein (CREB)-binding protein (CBP) 
and countered by the deacetylase Sirtuin 3 (SIRT3). STAT1 O-GlcNAcylation on T699 attenuated its 
β-hydroxybutyrylation by inhibiting CBP binding. Fructose supplementation boosted STAT1 O-
GlcNAcylation and improved antiviral immunity in vivo. In Sirt3−/− conditions, STAT1 β-
hydroxybutyrylation was also diminished, indicating a cooperation between OGT and SIRT3 in 
enhancing STAT1 association with IFNAR2 and IFN-I signaling [43]. 

While O-GlcNAcylation promotes anti-viral immunity, it can also lead to virus-induced 
inflammatory pathology, as demonstrated by Wang et al. in IAV infection [35]. O-GlcNAcylation of 
IRF5 on S430 was shown to enable its activation by TRAF6-mediated K63-linked ubiquitination. 
Glucosamine or OGA inhibition in IAV infected wild-type mice elicited a lethal cytokine storm, 
whereas OgtΔmye mice exhibited less body weight loss, better survival and lower lung viral titers. 
Reconstitution of Irf5−/− BMDMs with wild-type IRF5 restored cytokine production, whereas the 
S430A mutant did not, even in the presence of the Oga inhibitor Thiamet G. These data show that the 
OGT–IRF5 axis, specifically IRF5 O-GlcNAcylation on S430, drives a cytokine storm in fulminant 
viral infections. Consistent with their experimental findings, Wang et al. showed that compared to 
healthy individuals, IAV-infected patients had higher serum glucose levels, higher PBMC global- and 
IRF5-specific O-GlcNAcylation, which correlate with their inflammatory status, in particular higher 
circulating IL-6 and IL-8 cytokine levels. 

Collectively, a model emerges in which viral infection significantly boosts host glucose 
metabolism, which drives O-GlcNAcylation and positive regulation of anti-viral innate immunity. 
However, in fulminant cases, O-GlcNAcylation can mediate virus-induced cytokine storm and 
inflammatory pathology for e.g., mediated by excessive activation of IRF5. In individuals with type-
2 inflammation such as asthma, O-GlcNAc activation of STAT6 might also compromise frontline 
antiviral defenses, as STAT6 induces IL-25 that suppresses the production of type I and III interferons, 
as shown in rhinovirus infection [44], and through IL-33, can drive a “type-2 cytokine storm”, as 
observed in COVID-19 and influenza infections [45]. 
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Figure 2. O-GlcNAcylation in innate antiviral signaling. Pattern recognition receptors (PRRs) such as cGAS, 
RIG-I, MDA5, and TLRs detect viral nucleic acids and trigger downstream signaling through STING, MAVS, 
and adaptor complexes that converge on IRF3/5/7 and NF-κB to drive type I interferon and pro-inflammatory 
cytokine production. O-GlcNAc transferase (OGT) and the hexosamine biosynthesis pathway (HBP) integrate 
nutrient availability with these antiviral pathways by directly modifying central effectors. MAVS O-
GlcNAcylation promotes K63-linked ubiquitination and antiviral signaling, while UBXN1 O-GlcNAcylation 
relieves its inhibitory effect on MAVS. STING requires O-GlcNAcylation for activation and IFN induction. IRF5 
O-GlcNAcylation drives TRAF6-mediated ubiquitination and cytokine storm responses in severe influenza, 
whereas NF-κB and TAB1 O-GlcNAcylation promote inflammatory gene expression. STAT1 O-GlcNAcylation, 
that counteracts β-hydroxybutyrylation, is required for efficient IFNAR signaling. CUL5-mediated K48-linked 
ubiquitination mediates OGT degradation. 

4. O-GlcNAc Interference with the Viral Machinery 

In addition to regulating antiviral innate immunity, O-GlcNAcylation can directly interfere with 
the viral machinery (Table 2). This has been demonstrated for human immunodeficiency virus (HIV-
1), Kaposi’s sarcoma-associated herpesvirus (KSHV), hepatitis B virus (HBV), IAV and SARS-CoV-2. 
Jochmann et al. showed that glucosamine treatment or OGT overexpression inhibited HIV-1 
transcription in infected primary CD4+ T cells. This was mediated by O-GlcNAcylation of the host 
transcription factor Sp1 and required functional Sp1-binding sites in the HIV-1 long terminal repeat 
(LTR) promoter [46]. While this evidence suggested a potential role of O-GlcNAcylation in restricting 
HIV-1 infection, the mechanism by which it occurred was not fully investigated, as the reported O-
GlcNAcylation of Sp1 did not alter its nuclear levels or DNA-binding affinity to the LTR, suggesting 
that additional OGT substrates might be involved. In a different report, Jochmann et al. showed that 
OGT inhibits KSVH viral replication in a dose-dependent manner, potentially through direct 
modification of 18 viral proteins, demonstrated by mass spectrometry to be O-GlcNAcylated 
substrates [47] (Figure 3). Among these, ORF75 was confirmed to be O-GlcNAcylated in infected 
cells, and O-GlcNAc sites were identified in ORF3, ORF10, ORF8, ORF44, ORF21, and ORF29. Nearly 
half of the O-GlcNAcylated proteins are involved in DNA synthesis and replication, suggesting a 
central role for O-GlcNAc in regulating these processes, although this has not been formally 
demonstrated. Concordantly, Ko et al. showed that O-GlcNAcylation of KSVH replication and 
transcription activator (RTA [ORF50]) suppressed latent-lytic switch [48]. The HBP can additionally 
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counteract viral replication through the O-GlcNAcylation of sterile alpha motif and histidine/aspartic 
acid domain-containing protein 1 (SAMHD1) [49], a nuclease and dNTP triphosphatase that restricts 
viral replication by cleaving viral genomes and depleting the dNTP pool. Hu et al. showed that 
inhibition or knockdown of GLUT1, GFPT1 or OGT increased HBV DNA replication. They identified 
that SAMHD1 is O-GlcNAcylated on S93, which protects it from K48 ubiquitin-mediated degradation 
and is required for its tetramerization and antiviral activity against HBV and HIV-1 [49] (Figure 3). 
In patients with chronic hepatitis B, UDP-GlcNAc levels, GLUT1 expression and total O-
GlcNAcylation are higher than in healthy controls, and SAMHD1 is O-GlcNAcylated in liver tissues. 
It is argued that enhancing O-GlcNAcylation might suppress HBV replication. In a recent report, 
Dong et al. identified a novel role of OGT in restricting IAV infection. Besides its effect on promoting 
MAVS antiviral immunity through MAVS O-GlcNAcylation, OGT exerted an additional anti-viral 
function independently of its catalytic activity. The authors demonstrated that K908A catalytically-
inactive OGT dampened IAV infection both in vitro and in vivo. Mechanistically, OGT bound to IAV 
genomic RNA and limited lipid droplet accumulation, which is required for efficient IAV replication 
[50]. This was achieved by promoting perilipin-2 (PLIN2) K48-ubiquitination and proteosomal 
degradation (Figure 3). These findings place OGT at the junction of sugar and lipid metabolism 
pathways collectively engaged in the fight against IAV infection. 

 

Figure 3. O-GlcNAcylation modulates multiple steps of the viral life cycle and viral oncogenesis. O-
GlcNAcylation stabilizes the antiviral factor SAMHD1, thereby enhancing restriction of HIV-1 and HBV. In HBV 
infection, O-GlcNAcylation of the m6A reader YTHDF2 promotes stabilization and binding to MCM2/5 
transcripts, supporting viral oncogenesis. In influenza A virus (IAV), OGT restricts replication by targeting lipid 
droplet metabolism via PLIN2 degradation, while in SARS-CoV-2, O-GlcNAcylation of the spike protein 
enhances stability and particle packaging. In HTLV-1, the viral oncoprotein Tax inhibits OGA, elevating CREB 
O-GlcNAcylation and driving proviral transcription. HPV E6/E7 stimulate OGT expression, leading to c-MYC 
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O-GlcNAcylation and stabilization, which sustains cellular transformation. In KSHV, O-GlcNAcylation of 
multiple proteins inhibits viral replication and the latent-lytic cycle. 

Table 2. Select O-GlcNAcylated viral substrates. 

Virus Substrate 
Identifie

d Site 
Functional impact 

Referenc

e 

KSHV 

ORF3 S278 

O-GlcNAc transferase inhibits KSHV propagation and 

modifies replication relevant viral proteins as detected 

by systematic O-GlcNAcylation analysis.  

[47] 

ORF10 

T225, 

T338, 

S594, 

T632,  

T709 

ORF8 S92 

ORF44 S727 

ORF21 S62 

ORF29 n.d. 

ORF75 n.d. 

RTA 

(ORF50) 

T366, 

T367 

O-GlcNAc suppresses transactivation & lytic 

reactivation 
[48] 

SARS-CoV-

2 
Spike S659 Spike stability and pseudo-particle packaging [52] 

n.d., not determined; ORF, open reading frame; RTA, replication and transactivation; S, serine; T, threonine. 

5. Viral Hijacking of the O-GlcNAc Pathway to Dampen Anti-Viral Defenses, or 
Enhance Infectivity or Viral Oncogenic Transformation 

Fricke et al. demonstrated that respiratory syncytial virus (RSV) counters anti-viral defenses by 
forming cytoplasmic inclusion bodies that sequester p38 and OGT, reducing stress-granule (SG) 
assembly and global O-GlcNAcylation that limit the infection [51]. Xu et al. described that O-
GlcNAcylation of SARS-CoV-2 spike protein at S659 enhances infectivity by promoting more efficient 
pseudoparticle packaging [52] (Figure 3). They showed that OGT associates with spike protein and 
enhances its stability by antagonizing K48-ubiquitin tagging and proteosomal degradation. Using a 
four-plasmid system (pLenti6 luciferase, HIV Gag/pol, HIV Rev and GFP-S) to produce SARS-CoV-
2 pseudoparticles (SARS-CoV-2pp) with either wild-type or S659A spike, they showed reduced 
packaging efficiency and infectivity in pseudoparticles containing the S659A mutant spike protein. 
Their results suggest that while S659 O-GlcNAcylation does not affect ACE2 receptor binding, it is 
important for efficient pseudoviral assembly or packaging. The O-GlcNAc pathway, which is 
elevated in several cancers [53], is also exploited by some oncoviruses to drive tumorigenesis. In the 
case of human papillomavirus (HPV), Zeng et al. observed that inhibition of O-GlcNAcylation 
blunted HPV-driven tumorigenesis in vivo. They demonstrated that HPV E6 and E7 oncoproteins 
stimulated OGT expression, leading to heightened global O-GlcNAcylation and specific c-Myc O-
GlcNAcylation on T58, which promotes its stabilization and drives cellular transformation [54] 
(Figure 3). Kim et al. explored the mechanism of HPV cervical tumor metastasis to the lung. They 
showed that OGT expression correlates with that of two factors known to contribute to viral 
oncogenesis and metastasis, namely Host Cell Factor 1 (HCF1) and C-X-C chemokine receptor type 
4 (CXCR-4) in HPV-infected cells, but the mechanism linking OGT to their regulation was not fully 
elucidated [55]. In Human T-lymphotropic virus 1 (HTLV-1), Groussaud et al. showed that the viral 
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oncoprotein Tax hijacks the cellular O-GlcNAc machinery by inhibiting OGA activity, which elevates 
CREB O-GlcNAcylation promoting LTR activation [56] (Figure 3). This was validated by 
pharmacologic OGA inhibition or Tax overexpression that similarly increased CREB O-
GlcNAcylation and LTR activity. CREB S40A mutation abolished Tax-induced O-GlcNAc 
modification of CREB and reduced Tax-mediated LTR activation, linking CREB O-GlcNAcylation to 
a proviral outcome. In hepatitis B virus (HBV)-associated hepatocellular carcinoma (HCC), Yang et 
al. showed that HBV upregulates the HBP leading to increased global O-GlcNAcylation and specific 
modification of the N6-methyladenosine (m6A) reader YTH N6-Methyladenosine RNA Binding 
Protein F2 (YTHFD2) on S263 that drove tumorigenesis [57] (Figure 3). YTHDF2 protein levels were 
higher in HBV-HCC than in matched non-tumoral tissue, as well as in HBV-transgenic mouse livers. 
HBV extended YTHDF2 protein half-life, while OGT knockdown or S263A mutation shortened it 
through K48-linked ubiquitination and proteosomal degradation. YTHDF2 knockdown significantly 
impaired cell growth, colony formation, and motility in HBV-infected hepatoma lines, functions that 
were restored by wild-type but not the S263A YTHDF2 mutant. Mechanistically, YTHDF2 O-
GlcNAcylation enhanced its binding to m6A-modified transcripts, including those of 
‘Minichromosome Maintenance Complex’ components MCM2 and MCM5, that are vital regulators 
of DNA replication. Thus, HBV engages the OGT pathway to promote HCC tumor formation through 
YTHDF2 modification and induction of central proliferation effectors. 

6. Harnessing the HBP-O-GlcNAc Pathway for Clinical Applications 

6.1. The HBP and O-GlcNAcylation as Potential Biomarkers of Disease Progression in Viral Infections 

Severe influenza infection provides clinical evidence that O-GlcNAcylation correlates with 
disease severity [35]. Wang et al. noted that patients with acute influenza had significantly higher 
global O-GlcNAc levels and OGT expression in their PBMCs compared to healthy individuals. 
Heightened O-GlcNAc was linked to elevated serum cytokine levels in patients, linking O-
GlcNAcylation to a cytokine storm phenotype in severe flu. Patients with chronic HBV infection also 
show higher UDP-GlcNAc levels and greater protein O-GlcNAcylation in their liver tissue compared 
to healthy controls [49]. In HBV-related HCC, the HBP-O-GlcNAc axis is often upregulated [57]. As 
mentioned before, YTHDF2 is heavily O-GlcNAcylated and its levels correlate with worse HBV-HCC 
patient survival, implicating O-GlcNAcylated YTHDF2 as a potential biomarker of aggressive 
disease. Similarly, elevated O-GlcNAcylation is a marker of HPV-driven oncogenesis e.g., in cervical 
cancer [54]. In clinical cervical tumor samples, HPV-positive lesions exhibit higher OGT and O-
GlcNAc levels than HPV-negative tissue. The HPV16 E6–driven increase in total cellular O-
GlcNAcylation is not only associated with tumorigenesis but also with disease severity, as higher 
OGT and O-GlcNAc levels correlate with advanced grade or malignant progression. Hence, O-
GlcNAcylation can be measured as a clinically relevant biomarker of HPV-associated malignant 
transformation and progression. 

6.2. HBP and O-GlcNAcylation as Therapeutic Targets in Viral Infections 

Several studies have underscored immunometabolic modulation as a feasible adjunct treatment 
in counteracting virus-induced hyperinflammatory states. For instance, in a retrospective study of 
hospitalized COVID-19 patients, Sukkar et al. reported that a eucaloric ketogenic diet was associated 
with reduced mortality, fewer ICU admissions, and a favorable trend toward lower IL-6 levels [58]. 
N-acetyl glucosamine (GlcNAc) that drives the HBP has been tested as a low-cost anti-inflammatory 
immunomodulatory agent for inflammatory joint illnesses, inflammatory bowel disease and 
autoimmunity [59–63]. It has also been investigated as a potential anti-inflammatory treatment in 
respiratory viral infections. In a prospective observational study of COVID-19 patients, GlcNAc was 
associated with improved clinical outcome [64]. In addition, it has shown anti-viral activity in vitro 
[65]. Beyond metabolic modulation, direct pharmacological enhancement of the O-GlcNAc pathway 
is now being evaluated clinically using OGA inhibitors. Ceperognastat (LY3372689) is the most 
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clinically advanced OGA inhibitor [66]. Phase I trials demonstrated oral bioavailability, robust target 
engagement across dose ranges, >95% OGA enzyme occupancy, and an acceptable safety profile, 
supporting its progression to Phase II trials. Other OGA inhibitors have also advanced into clinical 
evaluation. ASN90 (ASN120290) is an orally bioavailable compound in Phase II development with 
early human studies demonstrating dose-dependent increase in protein O-GlcNAcylation, reliable 
target engagement confirmed by positron emission tomography, and a favorable safety profile [67]. 
MK-8719 is another potent, selective OGA inhibitor that completed first-in-human testing [68]. 
Pharmacodynamic assays confirmed sustained elevation of O-GlcNAc in brain tissue, establishing 
feasibility of systemic OGA inhibition in humans. Although these compounds were initially 
developed for tauopathies such as Alzheimer’s disease, their pharmacological properties establish 
OGA inhibition as clinically viable and highlight the potential for its repurposing in viral infections, 
where O-GlcNAcylation shapes host-viral interactions. 
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