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Post-translational modifications (PTMs) serve as essential regulatory mechanisms that fine-tune protein function, stability, localization, and interaction networks, enabling cells to adapt rapidly to physiological and pathological cues. Among the diverse PTMs, SUMOylation—the covalent attachment of Small Ubiquitin-like Modifier (SUMO) proteins to specific lysine residues on target substrates—has emerged as a dynamic and reversible modification with far-reaching implications in cellular homeostasis. Beyond its well-established roles in transcriptional regulation, DNA repair, and stress responses, recent studies highlight how pathogens have evolved to hijack the host SUMOylation machinery to subvert immune signalling, dampen inflammatory responses, and enhance intracellular survival. This review delves into the multifaceted role of SUMOylation in infectious disease, emphasizing its interplay with key host signalling cascades/axes such as NF-κB, MAPK, JAK-STAT, and interferon pathways. We explore how bacterial, viral, and fungal pathogens manipulate SUMOylation to reprogram host chromatin, modulate vesicular trafficking, and evade cytokine-mediated defences. Additionally, we examine the crosstalk between SUMOylation and other PTMs—such as ubiquitination, phosphorylation, and acetylation—that collectively shape the host-pathogen interface. By synthesizing current evidence on pathogen-driven SUMO modulation, we offer an integrated view of how this modification governs immune outcomes. Lastly, we evaluate emerging therapeutic strategies aimed at targeting SUMOylation pathways through small molecule inhibitors and genetic tools, with the goal of restoring immune competence and mitigating persistent infections. These insights position SUMOylation as a critical regulatory node and a promising target for host-directed therapies against infectious diseases.
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Introduction

The molecular interaction between pathogens and the host immune system is an intricate and dynamic process. While the host immune system deploys a multi-layered defence involving both innate and adaptive responses, pathogens have evolved and adapted several sophisticated strategies to bypass or subvert these defences (1). One of the most effective ways pathogens manipulate host biological systems is through interference with PTMs, which regulate protein function, stability, and cellular localization (2). Among these PTMs, SUMOylation—the covalent attachment of Small Ubiquitin-like Modifier (SUMO) proteins to lysine residues on substrates—has emerged as a key regulatory process governing host cellular signalling and immune response to infection (3).

SUMOylation is a highly dynamic and reversible PTM that modulates various cellular processes, including DNA repair, transcriptional regulation, protein stability and nuclear-cytoplasmic transport (4). The process is initiated by maturation of SUMO precursors by SUMO-specific proteases (SENPs), followed by activation via an E1 heterodimer (SAE1/SAE2), conjugation by the E2 enzyme UBC9, with substrate specificity conferred through E3 ligases (5). This enzymatic cascade culminates in the transfer of SUMO protein to target lysine residues on substrates that harbour specific SUMO consensus motifs (6). DeSUMOylation is regulated by a family of SENPs, ensuring timely removal of SUMO and restoring the original functional state of the target protein (7).

Humans express at least five SUMO isoforms—SUMO1, SUMO2, SUMO3, SUMO4 and SUMO5—each with distinct sequence identity, expression profiles and functional roles (8) SUMO1 primarily localizes to nuclear bodies, regulating chromatin organization and transcription repression. SUMO2 and SUMO3 are almost indistinguishable (~95% sequence identity) and act as stress-inducible regulators, mediating responses to genotoxic and oxidative stress by modifying transcription factors and DNA repair proteins (9). SUMO4, although tissue-specific and less characterized, is implicated in innate immunity and inflammatory signalling, while SUMO5, identified more recently, participates in promyelocytic leukaemia nuclear body (PML-NB) dynamics and polySUMOylation, particularly under infection-related stress (10). These paralogs demonstrate complex spatial and functional compartmentalization that orchestrates cell fate decisions and immune outcomes.

Pathogens from all domains—bacteria, viruses, and fungi—have developed specialized effectors that target and manipulate the host SUMOylation machinery, enabling them to promote their own survival. Pathogens such as Salmonella enterica, Mycobacterium tuberculosis, and Legionella pneumophila strategically manipulate host SUMOylation by various methods, either by suppressing it or by redirecting its targets to hinder autophagy, disrupt vesicular trafficking and reprogram NF-κB signalling, thereby creating conditions that support their survival and replication (11, 12). Similarly, viruses like herpes simplex virus (HSV-1), influenza A, Epstein-Barr virus (EBV), HIV and SARS-CoV-2, hijack the host SUMOylation machinery to dampen antiviral immunity (13). However, fungal pathogens such as Candida albicans, Aspergillus fumigatus and Cryptococcus neoformans use their own SUMOylation for survival, but its interaction with the host SUMOylation is just beginning to be understood (14).

Among traditional PTMs, SUMOylation is intricately interconnected with other PTMs such as ubiquitination, Neddylation, and ISGylation, often competing for modification sites, sequentially regulating substrate fate, or forming combinatorial modification patterns that collectively fine-tune protein stability, localization, and function (15). This crosstalk is exploited by pathogens to selectively stabilize or degrade host immune regulators. Viral and bacterial proteins may also harbour SUMO-interacting motifs (SIMs), enabling them to bind SUMOylated host proteins and alter their function or localization (16). Despite significant advances, the mechanisms by which SUMOylation is dynamically regulated in response to infection, particularly by fungal pathogens, are not fully elucidated. The interplay between SUMO and other PTMs in shaping immune responses remains a developing area of study. Understanding the spatiotemporal regulation of SUMOylation in different immune cells during infection will provide insights into new therapeutic targets. Furthermore, the potential for targeting SUMO-related enzymes or pathogen-SUMO interactions offers promising avenues for anti-infective strategies.

This review explores the role of SUMOylation across bacterial, viral and fungal infections, emphasizing its impact on immune signalling, chromatin remodelling and intracellular survival. We further discuss how SUMOylation interfaces with other host signals and evaluate its potential as a therapeutic target in infectious diseases. n this review, figures illustrate representative molecular interactions, highlighting how bacterial, viral, and fungal pathogens exploit host SUMOylation at key immune checkpoints, whereas tables summarize experimentally validated pathogen–SUMO interactions across species, providing a comparative overview of known host targets, effector proteins, and associated outcomes.





SUMOylation in bacterial pathogenesis

Bacterial pathogens have evolved sophisticated mechanisms that interfere with host immune signalling, often by exploiting the SUMOylation machinery, thereby establishing infection, altering inflammatory responses and creating favourable replication environments. SUMOylation of host proteins during bacterial infections alters the regulation of transcription factors, vesicle trafficking components and autophagy regulators, enabling bacteria to evade immune detection and persist intracellularly (17). Pathogens establish their pathogenicity by modulating host SUMOylation pathways within diverse host cell types, including immune and epithelial cells, thereby influencing processes such as inflammation, apoptosis, and intracellular persistence. For instance, the hypervirulent (hvkp) Klebsiella pneumoniae strain CIP52.145 has been shown to suppress the innate immune response in macrophages by broadly reducing global SUMOylation—particularly downregulating the let-7 miRNA, which in turn decreases SUMO1 levels. Uniquely, in epithelial cells, the hvkp. pneumoniae strain, exploits host SENP2 deSUMOylase stabilization via CSN5-mediated inhibition of Neddylation, strategically inducing reduction of global SUMOylation, to promote bacterial survival and immune evasion (18). In epithelial cells, bacterial effectors interfere with SUMOylation to block NF-κB activation (Figure 1A). In macrophages, Klebsiella pneumoniae and Legionella pneumophila alter the SUMO-E2/E3 conjugation enzymes to impair phagosome maturation and intracellular killing (Figure 1B). The bacterium also downregulates type I interferon responses by impairing SUMO-dependent modification of STAT proteins. These modifications allow K. pneumoniae to persist within macrophages by limiting inflammatory feedback and promoting an immunosuppressive environment (18, 19). Mycobacterium tuberculosis (Mtb) manipulates host SUMOylation in a coordinated manner to subvert immune defences and promote intracellular survival. Upon infection, Mtb triggers oxidative stress, which alters the SUMOylation status of key transcription factors, leading to reduced macrophage activation. Concurrently, Mtb induces deSUMOylation of STAT1 and chromatin-associated transcription factors, dampening interferon-γ–mediated signalling and reshaping histone architecture to repress immune gene expression. In parallel, Mtb targets SUMO-dependent vesicle trafficking machinery, disrupting autophagy initiation and arresting phagosome maturation. This multifaceted interference—spanning transcriptional silencing, signal transduction suppression and vesicular pathway blockade—forms an integrated strategy that enables Mtb to evade immune clearance and persist within host macrophages (20). While pathogens like Klebsiella pneumoniae and Mycobacterium tuberculosis broadly interfere with phagosome maturation, Salmonella Typhimurium (S. Tm) strain SL1344 and Legionella pneumophila, specifically modulate the SUMOylation of selected host proteins involved in vesicle trafficking. Intracellular pathogens such as Salmonella enterica serovar Typhimurium (SL1344) and Legionella pneumophila have evolved sophisticated strategies to manipulate the host SUMOylation landscape, thereby remodelling vesicular trafficking pathways to support niche formation (21, 22). S. Typhimurium delivers a suite of Type III secretion system (T3SS) effectors that perturb SUMO conjugation dynamics on SNARE proteins and autophagy-associated regulators. This targeted modulation hinders autophagosome maturation and its fusion with lysosomes, culminating in the generation of the Salmonella-containing vacuole (SCV), a membrane-bound compartment that supports intracellular replication, while evading degradative pathways (21). In parallel, L. pneumophila hijacks SUMO-modified Rab GTPases and endosomal SNAREs to engineer the Legionella-containing vacuole (LCV). Additional effectors further impede lysosomal fusion, thus preserving the stability of the LCV. Collectively, these pathogens exemplify a convergent evolutionary tactic, wherein modulation of SUMOylated trafficking components subverts host endo-lysosomal integrity to favour vacuole persistence and immune evasion (22). Several mucosal and cytosolic bacterial pathogens have evolved mechanisms to manipulate host SUMOylation pathways to facilitate immune evasion, inflammation and persistence. Listeria monocytogenes, a cytosolic pathogen, disrupts host SUMOylation during early stages of infection through its pore-forming toxin, listeriolysin O, which impairs SUMO-conjugating enzymes and promotes proteasomal degradation of UBC9, the central E2 ligase. This leads to a global reduction in SUMOylation of immune signalling molecules, allowing Listeria to evade type I interferon responses and enabling actin-based intracellular motility and cytosolic dissemination (23). In contrast, Helicobacter pylori, a gastric mucosal pathogen, associated with chronic inflammation and cancer, uses its virulence factor CagA, to enter the host nucleus and interact with SUMO-modified transcriptional regulators such as p53, NF-κB and β-catenin (24). These interactions disrupt normal control of epithelial proliferation, inflammation, and apoptosis, thereby contributing to chronic infection and gastric oncogenesis. Similarly, Staphylococcus warneri, a coagulase-negative commensal with emerging pathogenic potential, targets epithelial SUMOylation during intestinal colonization. The bacterium secretes the pore-forming toxin warnericin RK, which reduces SUMO conjugate levels in epithelial cells, particularly impacting transcription factors like STAT3 and NF-κB. This disruption compromises epithelial barrier function and suppresses antimicrobial peptide production, leading to increased intestinal inflammation and thereby creating a niche favourable for colonization and opportunistic infection (25). Pathogen-induced SUMO remodelling not only reprograms host transcription but also correlates with increased bacterial load and dampened cytokine secretion, thereby influencing disease progression and host survival (26). In bacterial infections, such modulation has been associated with reduced production of IL-6, TNF-α, and IFN-γ, compromising macrophage activation and pathogen clearance (27). Collectively, these pathogens as in Table 1 exemplify distinct strategies, by which interference with SUMOylation at transcriptional and epithelial regulatory nodes, contributes to immune modulation and host-pathogen adaptation. These examples also illustrate how diverse bacterial pathogens subvert host SUMOylation at multiple levels—ranging from global SUMO suppression, to specific targeting of immune signalling nodes. The role of SUMOylation in regulating vesicular trafficking, transcriptional activation and cytokine release makes it a crucial axis for bacterial immune evasion and it is represented in epithelial cells and macrophages separately in Figures 1A, B respectively.
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Figure 1 | Bacterial modulation of host SUMOylation in epithelial and macrophage cells: (A) In epithelial cells, pathogens such as Klebsiella pneumoniae, Listeria monocytogenes, Shigella flexneri, and Staphylococcus aureus/warneri interfere with SUMOylation to suppress NF-κB activation and downstream cytokine production. (B) In macrophages, Klebsiella pneumoniae and Mycobacterium tuberculosis manipulate SUMOylation to dampen innate immune signalling. SUMO modification of pSTAT1 and IFNAR components suppresses ROS generation, autophagy, and cytokine output, while SUMO-linked microRNA regulation limits IFN responses. These events collectively reprogram macrophage function and favour bacterial persistence.


Table 1 | Bacterial modulation of host SUMOylation: effectors, targets, and mechanisms.
	Bacterium
	Bacterial effectors
	Target proteins
	SUMOylation proteins
	SUMO sites
	Mechanism
	Disease
	References



	Klebsiella pneumoniae
	Uncharacterized effector(s)
	SUMO-conjugating enzymes (UBC9), IκBα, STAT1/2
	SUMO1, SUMO 2/3
	Lysine residues on UBC9 and immune regulators
	Reduces global SUMOylation to suppress immune responses
	Pneumonia, sepsis, UTIs
	(18)


	Staphylococcus warneri
	Warnericin RK
	STAT3, NF-κB components
	SUMO2/3
	STAT and NF-κB associated SUMO sites
	DeSUMOylation of epithelial transcription factors to promote inflammation
	Gut inflammation, opportunistic infections
	(25)


	Mycobacterium tuberculosis
	ESAT-6, others
	Histone modifiers, STAT1, chromatin regulators
	SUMO1, SUMO2
	Histone tail lysine’s, IRF-linked sites
	Alters SUMOylation to suppress IFN-γ signalling and promote latency
	Tuberculosis
	(20)


	Legionella pneumophila
	LubX, SidE family
	Rab7, SUMO E3 ligase targets
	SUMO1, SUMO2
	Rab7 and ER-trafficking SUMO motifs
	Hijacks SUMOylated Rab7 to arrest phagosome maturation
	Legionnaires’ disease
	(22)


	Listeria monocytogenes
	Listeriolysin O, Internalins
	UBC9, IRFs
	SUMO1
	UBC9 and transcription factors
	Degrades UBC9, impairing global SUMOylation and innate responses
	Listeriosis
	(28)


	Salmonella enterica
	SPI-2 effectors
	SNARE regulators, vesicle trafficking proteins
	SUMO2/3
	Lysine’s near SNARE recognition domains
	Modulates SUMOylation of trafficking proteins to remodel vacuoles
	Typhoid fever, gastroenteritis
	(29)


	Helicobacter pylori
	CagA
	NF-κB subunits, p53
	SUMO1
	SUMO target motifs in p53 and NF-κB
	CagA interferes with SUMO-modified signalling pathways
	Gastric ulcers, gastric cancer
	(30)


	Shigella flexneri
	OspF, IpaH
	Host chromatin remodels, MAPKs, NF-κB
	SUMO1, SUMO2
	Chromatin-associated lysine’s, phospho-SUMO motifs
	Effector OspF interferes with chromatin SUMOylation to suppress inflammation
	Shigellosis (dysentery)
	(31)


	Escherichia coli (EHEC)
	EspF, NleB
	TRAFs, death domain-containing proteins
	SUMO1, SUMO2/3
	NF-κB signalling-related SUMO motifs
	NleB interferes with SUMO-modified apoptosis regulators to prevent host cell death
	Haemorrhagic colitis, HUS
	(32)


	Brucella abortus
	VirB effectors
	Histone modifiers, immune signalling intermediates
	SUMO2/3
	Histone tail SUMO sites, cytokine promoter regions
	Manipulates SUMOylation of chromatin enzymes to inhibit pro-inflammatory gene expression
	Brucellosis
	(33)











SUMOylation in viral pathogenesis

Viruses are obligate intracellular pathogens that rely heavily on hijacking host cellular machinery for their replication, persistence and immune evasion. One of the key pathways exploited by viruses is host SUMOylation, a reversible post-translational modification that affects protein localization, stability, transcriptional activity and protein-protein interactions. Viruses can manipulate crucial host processes such as chromatin remodelling, immune signalling, DNA repair and stress responses, by modulating the SUMOylation landscape, thereby creating an intracellular environment beneficial to viral replication and immune escape (34).

An emerging theme in viral pathogenesis, as illustrated in Figure 2, is the SUMOylation of innate immune sensors—particularly cGAS and STING—which regulates antiviral signalling (35). TRIM38-mediated SUMOylation of cGAS and STING during early infection, stabilizes these proteins and enhances their signalling, promoting type I interferon production. Later, viral infections often induce deSUMOylation via host proteases like SENP2, targeting cGAS and STING for ubiquitin-mediated degradation, thereby shutting down interferon responses (36). SUMO modification of antiviral RNA-binding proteins, including members of the DDX and hnRNP families, also regulates RNA sensing and processing, influencing RIG-I–like receptor signalling and viral RNA recognition (37). These SUMO-dependent checkpoints are prime targets for viral manipulation, enabling a temporal “switch” from an early pro-immune to a later immunosuppressive state.

[image: Diagram illustrating the infection processes of Influenza Virus and Human Papillomavirus. Influenza virus (RNA virus) involves RIG-1, TRIM38, and viral proteins impacting NF-κB, IRF3, and IRF7 pathways, leading to Type 1 IFN production. Human Papillomavirus (HPV16, DNA virus) involves SUMO-E2 and E1-E2 complexes helping viral gene transcription and DNA replication. It depicts E6 protein degrading p53, inhibiting apoptosis, and activating early genes E6/E7, promoting viral replication through inhibition of apoptotic pathways and influence on HSV-1 genes. Various cellular and viral components are labeled throughout.]
Figure 2 | Viral hijacking of the host SUMO pathway: RNA and DNA viruses exploit host SUMOylation to regulate replication and immune evasion. Influenza A virus uses SUMO-E2 to enhance early gene transcription, while TRIM38-mediated SUMOylation of RIG-I and MDA5 modulates IFN responses. DNA viruses such as HPV16 and HSV-1 recruit SUMO enzymes to control p53 degradation and suppress IRF3/NF-κB activation, facilitating viral gene expression and replication.

Viruses from diverse families have evolved mechanisms to either enhance or inhibit SUMOylation of specific host factors or viral proteins. This manipulation is often tightly linked to crosstalk with other host signalling pathways, particularly ubiquitylation, phosphorylation, interferon signalling and epigenetic regulation, allowing viruses to orchestrate multi-layered control over host defences. For instance, Herpes Simplex Virus-1 (HSV-1) utilizes its immediate-early protein ICP0 as a SUMO-targeted ubiquitin ligase (STUbL), to degrade the SUMOylated components of nuclear bodies like PML and Sp100. This action simultaneously involves ubiquitin-SUMO crosstalk, leading to the dismantling of antiviral nuclear structures and suppression of intrinsic immunity during reactivation (38, 39).

Kaposi’s Sarcoma-Associated Herpesvirus (KSHV), also exemplifies this interplay. Its SUMOylated LANA protein tethers the viral genome to host chromatin and recruits HDACs and polycomb repressive complexes (PRCs), coordinating SUMOylation with histone deacetylation and methylation to silence host immune genes during latency (40). Upon reactivation, KSHV actively disrupts SUMO-modified antiviral complexes, liberating transcription factors and facilitating lytic gene expression. This dynamic modulation reflects a coordinated SUMO–epigenetic–transcriptional axis.

In HIV-1, SUMOylation contributes to multiple stages of the viral life cycle. HIV integrase undergoes SUMO modification, enhancing its nuclear import and catalytic function, crucial for viral genome integration (41). In parallel, HIV modulates the SUMOylation status of host restriction factors like TRIM5α, reducing their antiviral activity (42). Furthermore, HIV exploits SUMOylation to control host immune regulators such as NF-κB and STAT1/3, where SUMOylation either represses or stabilizes these factors to maintain latency and evade immune surveillance (43). Notably, SUMOylation of IκBα or its upstream regulators can inhibit NF-κB activation, representing a direct SUMO–NF-κB signalling node manipulated by multiple viruses (44).

Influenza A virus deploys its NS1 protein to promote the SUMOylation of IRF3, repressing its transcriptional activity and consequently suppressing type I interferon (IFN-I) production (45). NS1 itself is SUMOylated, which enhances its interaction with host factors involved in immune modulation (46). This underscores a recurring theme in viral infections: feedback crosstalk between SUMOylated viral proteins and modified host immune effectors. Similarly, SARS-CoV-2 has been shown to interfere with SUMOylation of STAT1 and IRF3, leading to their cytoplasmic retention or degradation, thereby blunting IFN responses—a hallmark of severe COVID-19 (47).

Adenoviruses also exploit SUMOylation as a bridge to modulate the DNA damage response (DDR). The viral E1B-55K protein interacts with SUMO-conjugating enzymes to alter the SUMOylation of DNA repair proteins such as Mre11 and NBS1, disrupting the MRN complex and preventing ATM activation (48). This dampens apoptosis and promotes viral genome replication, linking SUMOylation to DDR inhibition and cell survival.

The Epstein-Barr Virus (EBV) employs EBNA1, which interacts with SUMOylated chromatin modifiers, facilitating the maintenance of viral episomes and latency while repressing antiviral genes (48). Importantly, EBV also modulates SUMOylation of DNA methyltransferases (DNMTs) and transcriptional repressors, highlighting a SUMO–epigenetic crosstalk that contributes to immune evasion and oncogenesis (49). Similarly, in viral infections, SUMO-mediated suppression of IRF3, STAT1, and NF-κB signalling attenuates interferon responses, leading to higher viral replication rates and severe disease phenotypes (43, 50).

Together, these examples as in Table 2 underscore the fact that viral manipulation of the host SUMOylation pathway is not isolated—it is deeply entwined with other signalling networks, including ubiquitin-proteasome degradation, phosphorylation cascades, histone modification systems and cytokine responses. By leveraging these intersections, viruses fine-tune the host intracellular environment to either establish latency or maximize replication. Understanding these multi-layered interactions not only clarifies fundamental aspects of viral pathogenesis but also highlights the SUMO pathway as a potential therapeutic target—where inhibition could restore antiviral immunity and disrupt critical virus-host protein interactions.


Table 2 | Viral hijacking of host SUMOylation machinery: strategies and consequences.
	Virus
	Viral proteins
	Target proteins
	SUMOylation proteins
	SUMO sites
	Mechanism
	Disease
	References



	Herpes Simplex Virus (HSV-1)
	ICP0
	PML, Sp100
	SUMO1, SUMO2/3
	Various on PML and nuclear body components
	ICP0 acts as STUbL, targeting SUMOylated proteins for degradation
	Herpes simplex infections (encephalitis, cold sores)
	(40)


	Human Immunodeficiency Virus (HIV)
	Integrase (IN)
	TRIM5α, host transcription factors
	SUMO1
	Lysine residues on IN
	SUMOylation enhances stability and nuclear import of IN; modifies host factors to suppress restriction
	AIDS
	(43)


	Influenza A Virus (IAV)
	NS1
	IRF3, STAT1
	SUMO1, SUMO2/3
	Lysine residues on IRF3
	NS1 modulates SUMOylation of IRFs to suppress interferon signalling
	Influenza (respiratory illness)
	(45)


	Kaposi’s Sarcoma-associated Herpesvirus (KSHV)
	LANA
	Histone-modifying enzymes, chromatin anchors
	SUMO2/3
	SIM-containing motifs on chromatin regulators
	LANA SUMOylation enables viral latency and host gene repression
	Kaposi’s Sarcoma
	(51)


	Adenovirus
	E1B-55K
	p53, Mre11, NBS1
	SUMO1
	Lysine residues on p53-related proteins
	E1B-55K interaction with SUMOylated proteins suppresses DNA damage response
	Respiratory infections, tumor models
	(52)


	Epstein-Barr Virus (EBV)
	BZLF1
	PML, HDACs
	SUMO1, SUMO2/3
	SIM-containing regions on PML, HDACs
	BZLF1 disrupts SUMOylated repressor complexes to reactivate EBV from latency
	Infectious mononucleosis, cancers
	(53)


	Human Cytomegalovirus (HCMV)
	IE1
	STAT2, PML
	SUMO1, SUMO2
	Lysine residues on STAT2 and nuclear proteins
	IE1 interferes with SUMOylation of STAT2 and PML to suppress innate immunity
	Congenital CMV, retinitis, pneumonia
	(54)


	Hepatitis B Virus (HBV)
	HBx
	p53, chromatin modifiers
	SUMO1
	Lysine’s on transcriptional regulators
	HBx modifies SUMOylation of chromatin remodels to enhance viral transcription
	Hepatitis B, liver cancer
	(50)


	Zika Virus
	NS5
	STAT2, host transcription factors
	SUMO1
	SUMO sites near STAT2 domains
	NS5 manipulates SUMOylated STAT2 to suppress type I IFN signalling
	Zika fever, congenital defects
	(55)


	Ebola Virus
	VP35
	IRF3, TBK1
	SUMO2/3
	IRF-associated SUMO motifs
	VP35 inhibits SUMO-modified IRF3/TBK1 to block interferon production
	Ebola virus disease
	(56)


	Human T-cell Leukaemia Virus (HTLV-1)
	Tax
	NF-κB, CREB-binding protein
	SUMO1, SUMO2/3
	Tax-associated motifs on host transcription regulators
	Tax modifies SUMOylation to deregulate transcription and promote T-cell transformation
	Adult T-cell leukaemia/lymphoma
	(57)


	Hepatitis C Virus (HCV)
	Core, NS5A
	Host lipid regulators, IFN signalling proteins
	SUMO1, SUMO2
	SUMO motifs on IFN pathway members
	SUMOylation changes aid in viral persistence and immune modulation
	Chronic hepatitis C, liver cancer
	(58)


	Human Papillomavirus (HPV16)
	E6, E7
	p53, Rb
	SUMO1
	Lysine residues on tumor suppressor proteins
	E6/E7 target SUMOylated tumor suppressors to promote cell cycle dysregulation
	Cervical cancer, genital warts
	(59)


	SARS-CoV-2
	Nsp3, ORF6
	STAT1, IRF3
	SUMO2/3
	IRF/STAT SUMO consensus sites
	Nsp3/ORF6 interfere with SUMO-modified IFN pathway to suppress host defence
	COVID-19
	(60)











SUMOylation in fungal pathogenesis

Fungal pathogens employ their intrinsic SUMOylation machinery as a versatile regulatory system to survive hostile host environments, evade immune defences and maintain virulence. Unlike bacteria and viruses that actively manipulate host SUMOylation, fungi predominantly rely on their own SUMO-conjugation networks as shown in Figure 3 to control critical cellular processes during infection (61). In Candida albicans, its own fungal SUMOylation modulates the yeast-to-hyphae transition, a morphological shift essential for tissue invasion and immune evasion. Loss of its SUMO pathway components such as UBC9 or SMT3 in Candida albicans results in impaired filamentation, reduced oxidative stress tolerance and increased susceptibility to macrophage-mediated killing (62). Candida also uses the fungal SUMOylation system to suppress the host NF-κB and AP-1-like signalling, dampening the secretion of host pro-inflammatory cytokines and allowing persistent colonization (63). Similarly, Cryptococcus neoformans exploits its SUMOylation machinery to modulate chromatin accessibility, driving the transcriptional repression of immune-related genes and enabling the pathogen to survive the acidic, oxidative, and nutrient-limited environment within macrophages. Disruption of SUMO-modifying enzymes in Cryptococcus impairs capsule biosynthesis, melanin production and overall virulence, underlining its dependence on SUMO signalling for pathogenesis (64). In Aspergillus fumigatus, SUMOylation coordinates the function of stress-responsive transcription factors governing MAPK and HOG signalling pathways, which are vital for thermotolerance and oxidative stress resistance (65). Fungal mutants lacking SUMO E2 enzymes such as AfUBC9 show compromised growth at body temperature, hypersensitivity to reactive oxygen species and attenuated infectivity in vivo (66). Thermally dimorphic fungi such as Histoplasma capsulatum and Paracoccidioides brasiliensis exploit SUMOylation to regulate phase transition between mycelial and yeast forms—a switch that facilitates intracellular survival in macrophages and shields fungal antigens from host pattern recognition receptors like Dectin-1 and TLR2 (67). Moreover, Talaromyces marneffei, an emerging pathogen in immunocompromised individuals, utilizes SUMOylation to modulate its temperature-dependent dimorphic switch and cell wall remodelling, which collectively contribute to its stealth and survival in host phagocytes. Beyond morphogenesis and stress adaptation, SUMOylation in fungi intersects with drug resistance mechanisms. In Candida, SUMO-regulated transcription factors influence the expression of efflux pumps and ergosterol biosynthetic enzymes, thereby enhancing azole resistance (68). In Cryptococcus, SUMO pathway components fine tune melanin synthesis and cell wall-associated proteins that confer resistance to amphotericin B and oxidative damage. Some filamentous fungi like Fusarium oxysporum and Botrytis cinerea, also rely on SUMOylation for pathogenicity-related processes, including toxin production, host tissue invasion and adaptation to oxidative environments, although these mechanisms are still under active investigation (69). Although direct evidence in mammalian pathogenic fungi is limited, plant pathogens such as Fusarium oxysporum and Botrytis cinerea exploit plant SUMO machinery to suppress defence responses, hinting at a conserved strategy. The parallels between plant and mammalian infection models suggest that fungal effectors may have evolved SUMO-targeting motifs to reprogram host stress and immune signalling pathways. While fungi have not yet been shown to directly alter host SUMOylation, their influence on cytokine signalling and host stress responses during chronic infection may secondarily modulate host SUMO pathways. Together, as in Table 3 highlight that fungal SUMOylation functions as a master regulator of pathogenesis, stress resistance, morphogenesis and antifungal adaptation, making it a compelling target for therapeutic intervention in the era of rising fungal drug resistance.

[image: Diagram illustrating the SUMOylation and deSUMOylation processes in fungi. Four panels for *Candida albicans*, *Cryptococcus neoformans*, *Candida glabrata*, and *Aspergillus nidulans* show SUMO protease involvement. Each panel details physical and genetic interactions affecting growth, stress response, biofilm formation, and immune evasion. The text describes their effects, such as impaired filamentation and reduced virulence, with shared benefits of immune evasion and persistent colonization. Arrows indicate pathways and key proteins involved in each species.]
Figure 3 | SUMOylation systems in fungal pathogens: Fungal species such as Candida albicans, Cryptococcus neoformans, Candida glabrata, and Aspergillus nidulans possess conserved SUMO conjugation and deSUMOylation machinery. Disruption of SUMO enzymes impairs stress tolerance, capsule or biofilm formation, and virulence. Comparative analysis suggests that SUMO signalling supports fungal adaptation and evasion of host immune defences.


Table 3 | Fungal SUMOylation and host interaction: molecular components and pathogenic outcomes.
	Fungus
	Fungal effectors/mechanisms
	Host target proteins
	SUMOylation proteins
	SUMO sites
	Mechanism
	Disease
	References



	Candida albicans
	Stress-induced SUMOylation modulation
	NF-κB, AP-1, stress-response factors
	SUMO1, SUMO2/3
	Lysine’s on transcription factors and chromatin proteins
	Alters host transcription factor SUMOylation to suppress inflammation
	Candidiasis (oral, systemic)
	(68)


	Aspergillus fumigatus
	Oxidative stress-triggered SUMO remodelling
	IRFs, cytokine transcription factors
	SUMO1, SUMO2
	Stress response-associated SUMO sites
	Reduces SUMOylation of immune signalling proteins to evade detection
	Invasive aspergillosis
	(65)


	Cryptococcus neoformans
	Chromatin silencing via SUMO-modified regulators
	Histone deacetylases (HDACs), chromatin remodels
	SUMO1, SUMO2/3
	Histone tail lysine’s, promoter-bound proteins
	Induces SUMOylation of chromatin repressors to silence antifungal genes
	Cryptococcal meningitis
	(69)


	Histoplasma capsulatum
	Suppression of antigen presentation through epigenetic SUMO changes
	MHC presentation regulators, histone modifiers
	SUMO2/3
	Epigenetic regulator-associated motifs
	Modifies chromatin states via SUMO to reduce antigen presentation
	Pulmonary and disseminated histoplasmosis
	(67)


	Paracoccidioides brasiliensis
	Modulation of SUMOylation under thermal stress and host-like conditions
	Stress granule components, HSF1
	SUMO1, SUMO2
	Thermo-responsive SUMO sites on chaperones and regulators
	SUMOylation regulates thermotolerance and morphogenesis during infection
	Paracoccidioidomycosis
	(67)


	Candida glabrata
	Evades macrophage response via SUMO-dependent stress adaptation
	Heat shock factors, stress-response elements
	SUMO1, SUMO2
	Stress-related transcription factor SUMO motifs
	SUMO-mediated stress resistance enhances survival in immune cells
	Candidiasis (systemic, resistant forms)
	(70)


	Aspergillus nidulans
	Genetically characterized SUMOylation pathway involved in virulence
	Histone-associated proteins, signalling enzymes
	SUMO1, SUMO2/3
	Histone tails, kinase substrates
	Genetic SUMO disruption reduces virulence and stress resistance
	Opportunistic aspergillosis in immunocompromised hosts
	(65)











SUMOylation crosstalk with other post-translational modifications in host–pathogen interactions

SUMOylation operates within a complex network of PTMs, including ubiquitination, phosphorylation, acetylation and Neddylation forming an integrated system that modulates host signalling, chromatin remodelling and immune responses (75. 78). Pathogens exploit these PTM intersections to hijack host processes for survival. SUMO–ubiquitin crosstalk is notably manipulated by viruses and bacteria. While SUMOylation may shield proteins from ubiquitin-mediated degradation, SUMO-targeted ubiquitin ligases (STUbLs) like ICP0 of Herpes Simplex Virus type 1 degrade SUMOylated nuclear restriction factors (71). Conversely, HIV-1 benefits from SUMOylated integrase and cofactors to enhance persistence (72). Legionella pneumophila employs LubX, a STUbL-like effector, to degrade SUMOylated host restriction proteins (73). Phosphorylation–SUMOylation crosstalk via phospho-dependent SUMO motifs (PDSMs) regulates SUMO conjugation (74). Influenza A NS1 protein phosphorylates IRF3 to enhance its SUMOylation and suppress IFN signalling, while Salmonella manipulates MAPK/JNK signalling to alter phosphorylation and indirectly modulate SUMOylation of immune regulators. Transcription factors such as p53 or NF-κB undergo SUMO–ubiquitin crosstalk during infection—these pathogen-triggered modifications differ from basal homeostatic SUMO control (75, 76). Neddylation and SUMOylation antagonistically regulate Cullin-RING ligases (CRLs). Viral agents like KSHV and EBV hijack this axis to alter host protein degradation (77). ISGylation, overlapping with SUMO targets, modulates antiviral responses via IRFs and STATs. Viruses like SARS-CoV-2 and Influenza A, disrupt this balance to suppress ISG15-mediated antiviral gene expression (78). Together, these PTM networks represent key regulatory hubs that pathogens selectively reprogram. Targeting SUMO–PTM crosstalk may offer a focused therapeutic strategy to counter infections without widespread immune activation.





SUMOylation-mediated intracellular niche formation and epigenetic reprogramming

Intracellular pathogens have evolved to exploit host SUMOylation pathways to support two critical survival strategies: the formation of protected intracellular niches and the silencing of immune-responsive genes. For niche formation, pathogens like Legionella pneumophila secrete effectors such as LubX, that mimic STUbLs, leading to the degradation of SUMOylated vesicle trafficking proteins like Rab7. This interferes with endosome maturation and blocks lysosomal fusion, stabilizing the Legionella-containing vacuole (73). Similarly, Mycobacterium tuberculosis manipulates SUMOylation of syntaxins and Rab GTPases, while also activating SENPs to deSUMOylate host regulators, thus arresting phagosome maturation and maintaining survival within immature vesicles (79). Salmonella enterica targets SUMOylation of SNARE proteins, including VAMPs and syntaxins, to inhibit vacuole-lysosome fusion and remodel the Salmonella-containing vacuole (80).

In parallel, these pathogens use SUMOylation to reprogram host gene expression through epigenetic remodelling. SUMO-modified chromatin-associated enzymes such as histone deacetylases (HDACs), histone methyltransferases (e.g., SUV39H1), and chromatin remodelling complexes like SWI/SNF and NuRD suppress the transcription of cytokines, interferon-stimulated genes (ISGs), and antigen presentation machinery (81). M. tuberculosis enhances SUMOylation of SET-domain repressors and HDACs to silence nitric oxide and inflammatory gene expression, while also dynamically regulating this repression by activating SENPs (82). In fungal pathogens like Cryptococcus neoformans, SUMOylation of host chromatin remodels dampens immune gene expression, aiding in immune evasion and intracellular persistence (83).

Together, these findings highlight SUMOylation as a central regulatory node that pathogens exploit to modify both cellular architecture and gene expression, ensuring successful intracellular colonization and long-term survival.





Therapeutic targeting of SUMOylation: insights and future perspectives

Targeting the SUMOylation pathway presents an emerging strategy for therapeutic intervention in infectious diseases, particularly given the central role of SUMOylation in regulating immune responses, pathogen survival, and intracellular signalling. Most potential therapeutic strategies can be adapted from cancer research, either through drug repurposing or by applying similar approaches to host–pathogen interactions. However, targeting SUMOylation or its regulatory interactors remains an underexplored therapeutic avenue in infectious disease contexts. As many pathogens exploit SUMO conjugation or deconjugation to modulate host defence systems, manipulating this pathway holds promise for restoring immune homeostasis and enhancing pathogen clearance (50).

One promising therapeutic direction involves enhancing host SUMOylation to reinforce cellular defences. SUMOylation of immune regulators such as IRF3, STAT1 and NF-κB inhibitors can augment antiviral signalling, stress responses and inflammation resolution. Strategies include the use of small molecules that stimulate SUMO E3 ligases or inhibit SUMO-specific proteases (SENPs), thereby maintaining SUMO conjugation during infection. For instance, increasing SUMOylation of transcription factors may enhance IFN-β production in viral infections like influenza and HIV, boosting antiviral gene expression (84).

In contrast, in situations where excessive or pathogen-induced SUMOylation promotes immune suppression, inhibiting SUMOylation becomes therapeutically valuable. Small molecule inhibitors targeting the E1 activating enzyme (SAE1/SAE2 complex) or the E2 conjugating enzyme (UBC9) have shown efficacy in reducing viral replication and immune evasion. For instance, SUMO pathway inhibitors impair HIV-1 integrase stability and reduce influenza NS1-mediated suppression of IRF3. In bacterial infections like tuberculosis, reducing Mtb-driven SUMOylation of transcriptional repressors restores macrophage activation and cytokine secretion (16).

Pathogen-specific SUMO–host interactions offer targeted therapeutic opportunities. Viral proteins like HSV-1 ICP0 and KSHV LANA that mimic SUMO E3 ligases or disrupt PML nuclear bodies can be selectively inhibited to restore antiviral structures (85). These targeted interventions promise reduced off-target effects compared to broad immunomodulation.

In fungal infections, modulating fungal SUMOylation can sensitize pathogens to oxidative stress or antifungal drugs, enhancing treatment outcomes. In tuberculosis and HIV co-infections, modulating SUMOylation could balance immune activation without inducing hyperinflammation, improving tolerance and efficacy of host-directed therapies (64).

Emerging technologies such as RNA interference (RNAi), CRISPR-based gene editing, and targeted protein degradation tools (e.g., PROTACs) are being explored to modulate SUMO-related genes with precision. These approaches offer potential for personalized medicine, allowing tailored interventions in patients with chronic or treatment-resistant infections (86).

While the therapeutic manipulation of SUMOylation is still in preclinical stages, its role in host–pathogen interactions makes it a compelling target. Continued research is needed to identify safe, specific modulators and to map SUMO-dependent pathways unique to different pathogens. Ultimately, integrating SUMO-targeted therapies into infectious disease management could transform how we approach intracellular infections and immune evasion.

While gene therapy remains an exploratory approach, studies demonstrating PIAS1 overexpression highlight the conceptual potential of modulating SUMOylation to restore host immune signalling in persistent infections. Experimental evidence indicates that enhanced PIAS1 expression improves cytokine production and phagosome maturation in infected macrophages, underscoring the promise—but also the experimental nature—of SUMO-based therapeutic modulation. In parallel, natural products and essential oils such as clove bud oil, anacardic acid, ginkgolic acid, and curcumin offer low-toxicity options for modulating SUMOylation indirectly. Anacardic acid and ginkgolic acid have proved their potential as SAE1 inhibitors in cancer and can be repurposed for modulating pathogen-induced SUMOylation (87, 88). These agents may work by altering redox signalling, transcription factor stability, or upstream inflammatory pathways that influence the SUMO machinery (89). Observations and literature survey suggest that essential oils, at sub-inhibitory concentrations, not only restore immune homeostasis but also enhance host defence signalling (90). Conversely, in viral infections where SUMOylation is hijacked to stabilize viral proteins, repress interferon responses, or promote latency, SUMO inhibition strategies are more appropriate. Small molecule inhibitors like ML-792 and TAK-981, initially developed for cancer, can disrupt viral manipulation of host SUMO machinery and restore antiviral responses (91). Additionally, blocking viral proteins that function as STUbLs could prevent the degradation of antiviral host factors like PML and Sp100 (92). These approaches may be particularly useful in persistent infections caused by HSV-1, KSHV, EBV, or HIV. Emerging RNA interference strategies could also be leveraged to transiently silence SUMO-conjugating enzymes (e.g., UBC9) or selectively knock down SUMO-modified host substrates exploited by pathogens. Looking ahead, future research should aim to refine the specificity and delivery of SUMO-modulating therapies by identifying pathogen-specific SUMO targets and SIM-containing effectors, mapping the crosstalk between SUMOylation and key immune pathways such as NF-κB, MAPKs, STATs, and autophagy (92), and developing high-throughput screening tools to identify natural and synthetic SUMO modulators. Engineering delivery platforms such as nanoparticles, exosomes, or viral vectors to enable tissue-specific and temporally controlled modulation of SUMO activity could enhance therapeutic precision (93). Moreover, integrating SUMO-based interventions with conventional antimicrobials may lead to synergistic effects, particularly in chronic or drug-resistant infections. As our understanding of SUMOylation deepens—especially its intersection with immune signalling, epigenetic regulation, and host defence networks—we envision SUMO-targeted therapies becoming a transformative addition to the arsenal against infectious diseases.





Discussion

The host SUMOylation system plays a pivotal and multifaceted role in regulating immune responses, intracellular signalling, and transcriptional control during infection. Diverse pathogens—including bacteria, viruses, and fungi—have evolved to subvert or utilize SUMOylation to promote immune evasion, intracellular survival, and persistence. SUMOylation intersects with key signalling pathways such as NF-κB, JAK-STAT, and IRF, as well as epigenetic and vesicular trafficking mechanisms, demonstrating its broad regulatory influence (89).

A recurring theme among bacterial pathogens is their exploitation of SUMO-mediated regulation of vesicle trafficking and immune signalling. Mycobacterium tuberculosis, Salmonella enterica, and Legionella pneumophila manipulate SUMOylated Rab GTPases and SNARE components to remodel intracellular compartments and evade lysosomal degradation (94). These bacteria also target transcription factors and chromatin remodels to suppress cytokine production and antigen presentation, highlighting the dual spatial and transcriptional control exerted through SUMOylation (79). In viral systems, SUMOylation governs the stability, localization, and transcriptional effects of both host and viral proteins. HSV-1, HIV, influenza A virus, and KSHV have developed mechanisms to hijack SUMO machinery through SUMO-targeted degradation, altered immune regulation, or epigenetic modulation (13). In contrast, fungi rely primarily on their intrinsic SUMO machinery to regulate morphogenesis, stress adaptation, and virulence, indirectly contributing to immune evasion and persistence.

Crosstalk between SUMOylation and other PTMs such as ubiquitination, phosphorylation, and acetylation forms an integrated regulatory network that pathogens exploit to modulate host defences (50). Despite advances, critical knowledge gaps remain regarding temporal dynamics, cell-type specificity, and the identity of SUMO-modified substrates during infection (67).

Therapeutically, SUMOylation represents a promising yet complex target. Enhancing SUMO conjugation may strengthen immune responses in certain contexts, while inhibition may be required where pathogens induce hyper-SUMOylation to suppress immunity. Targeted modulation of pathogen-specific SUMO interactions offers opportunities for precision host-directed therapies (95). As emerging technologies such as CRISPR, RNAi, and chemical biology tools enable finer control of SUMO dynamics, integrating SUMO-targeted approaches with conventional antimicrobials could transform treatment paradigms for chronic and drug-resistant infections (96).





Author contributions

SP: Writing – review & editing, Investigation, Conceptualization, Validation, Writing – original draft, Visualization, Data curation. AM: Conceptualization, Visualization, Writing – review & editing, Investigation, Formal Analysis, Project administration, Validation, Supervision. BN: Resources, Writing – review & editing, Supervision, Investigation. GK: Supervision, Investigation, Writing – review & editing, Formal Analysis, Validation.





Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.




Acknowledgments

The authors gratefully acknowledge Sri Mata Amritanandamayi Devi, Chancellor, Amrita Vishwa Vidyapeetham for her constant support and guidance. I sincerely appreciate and thank the help my faculty Mr. Binoj (Graphic Designer) from Amrita School Of Biotechnology has immensely helped in curating the figures in this review.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.






References

	 Kanneganti TD, Hardt WD. Pathogen’s dynamic standoff with the host. Curr Opin Microbiol. (2021) 59:iii–v. doi: 10.1016/j.mib.2021.01.001


	 Zhong Q, Xiao X, Qiu Y, Xu Z, Chen C, Chong B, et al. Protein posttranslational modifications in health and diseases: Functions, regulatory mechanisms, and therapeutic implications. MedComm. (2020) 4:e261. doi: 10.1002/mco2.261


	 Enserink JM. Sumo and the cellular stress response. Cell Div. (2015) 10:4. doi: 10.1186/s13008-015-0010-1


	 Tucker SK, Seale BC, Brown DT, Hebert MD. Coilin and SUMOylation influence PARP1 dynamics and the DNA damage response. J Cell Sci. (2025) 138:jcs263953. doi: 10.1242/jcs.263953


	 Hendriks IA, Vertegaal AC. A comprehensive compilation of SUMO proteomics. Nat Rev Mol Cell Biol. (2016) 17:581–95. doi: 10.1038/nrm.2016.81


	 Chauhan AS, Mackintosh MJW, Cassar J. PIN1-SUMO2/3 motif suppresses excessive RNF168 chromatin accumulation and ubiquitin signaling to promote IR resistance. Nat Commun. (2025) 16:3399. doi: 10.1038/s41467-025-56974-9


	 Dai T, Zhang L, Ran Y. MAVS deSUMOylation by SENP1 inhibits its aggregation and antagonizes IRF3 activation. Nat Struct Mol Biol. (2023) 30:785–99. doi: 10.1038/s41594-023-00988-8


	 Wang W, Matunis MJ. Paralogue-specific roles of SUMO1 and SUMO2/3 in protein quality control and associated diseases. Cells. (2023) 13:8. doi: 10.3390/cells13010008


	 Li Y, Varejão N, Reverter D. Structural basis for the SUMO protease activity of the atypical ubiquitin-specific protease USPL1. Nat Commun. (2022) 13:1819. doi: 10.1038/s41467-022-29485-0


	 Yang Y, He Yu, Wang X, Liang Z, He Gu, Zhang P, et al. Protein SUMOylation modification and its associations with disease. Open Biol. (2017) 7(10):7170167. doi: 10.1098/rsob.170167


	 Verma M, Michalec L, Sripada A, McKay J, Sirohi K, Verma D, et al. The molecular and epigenetic mechanisms of innate lymphoid cell (ILC) memory and its relevance for asthma. J Exp Med. (2021) 218:e20201354. doi: 10.1084/jem.20201354


	 Tao S, Chen H, Li N, Wang T, Liang W. The spread of antibiotic resistance genes in vivo model. Can J Infect Dis Med Microbiol. (2022) 2022:3348695. doi: 10.1155/2022/3348695


	 Wilson VG. Viral interplay with the host sumoylation system. Adv Exp Med Biol. (2017) 963:359–88. doi: 10.1007/978-3-319-50044-7_21


	 Sahu MS, Patra S, Kumar K, Kaur R. SUMOylation in human pathogenic fungi: role in physiology and virulence. J Fungi (Basel). (2020) 6:32. doi: 10.3390/jof6010032


	 Wei B, Yang F, Yu L, Qiu C. Crosstalk between SUMOylation and other post-translational modifications in breast cancer. Cell Mol Biol Lett. (2024) 29:107. doi: 10.1186/s11658-024-00624-3


	 Huang CH, Yang TT, Lin KI. Mechanisms and functions of SUMOylation in health and disease: a review focusing on immune cells. J BioMed Sci. (2024) 31:16. doi: 10.1186/s12929-024-01003-y


	 Xu Y, Ma X, Wu Z, Huang R, Liao C, Huang D, et al. Host SUMOylation in bacterial infections and immune defense mechanisms. Front Microbiol. (2025) 16:1621137. doi: 10.3389/fmicb.2025.1621137


	 Sá-Pessoa J, Przybyszewska K, Vasconcelos FN, Dumigan A, Frank CG, Hobley L, et al. Klebsiella pneumoniae reduces SUMOylation to limit host defense responses. MBIO. (2020) 11:e01733–20. doi: 10.1128/mBio.01733-20


	 Stelekati E, Chen Z, Manne S, Kurachi M, Ali M-A, Lewy K, et al. Long-term persistence of exhausted CD8 T Cells in chronic infection is regulated by microRNA-155. Cell Rep. (2018) 23:2142–56. doi: 10.1016/j.celrep.2018.04.038


	 Anang V, Singh A, Kumar Rana A, Saraswati SSK, Bandyopadhyay U, Verma C, et al. Mycobacteria modulate SUMOylation to suppresses protective responses in dendritic cells. PloS One. (2023) 18:e0283448. doi: 10.1371/journal.pone.0283448


	 Chandrasekhar H, Mohapatra G, Kajal K, Singh M, Walia K, Rana S. SifA SUMOylation governs Salmonella Typhimurium intracellular survival via modulation of lysosomal function. PloS Pathog. (2023) 19:e1011686. doi: 10.1371/journal.ppat.1011686


	 Li C, Fu J, Shao S, Luo ZQ. Legionella pneumophila exploits the endo-lysosomal network for phagosome biogenesis by co-opting SUMOylated Rab7. bioRxiv. (2023) 20(5):e1011783. doi: 10.1101/2023.10.31.564884


	 Pizarro-Cerdá J, Cossart P. Listeria monocytogenes: cell biology of invasion and intracellular growth. Microbiol Spectr. (2018) 6:1128. doi: 10.1128/microbiolspec.GPP3-0013-2018


	 Reyes VE. Helicobacter pylori and its role in gastric cancer. Microorganisms. (2023) 11:1312. doi: 10.3390/microorganisms11051312


	 Loison L, Huré M, Lefranc B, Leprince J, Bôle-Feysot C, Coëffier M, et al. Staphylococcus warneri dampens SUMOylation and promotes intestinal inflammation. Gut Microbes. (2025) 17:2446392. doi: 10.1080/19490976.2024.2446392


	 Ribet D, Cossart P. Ubiquitin, SUMO, and NEDD8: key targets of bacterial pathogens. Trends Cell Biol. (2018) 28:926–40. doi: 10.1016/j.tcb.2018.07.005


	 Chen S, Saeed AF, Liu Q. Macrophages in immunoregulation and therapeutics. Sig Transduct Target Ther. (2023) 8:207. doi: 10.1038/s41392-023-01452-1


	 Zhuang Y, Fischer JB, Nishanth G, Schlüter D. Cross-regulation of Listeria monocytogenes and the host ubiquitin system in listeriosis. Eur J Cell Biol. (2024) 103:151401. doi: 10.1016/j.ejcb.2024.151401


	 Devlin R, Santus W, Mendez J, Peng W, Yu A, Wang J, et al. Salmonella enterica serovar typhimurium chitinases modulate the intestinal glycome and promote small intestinal invasion. PloS Pathog. (2022) 18(4):e1010167. doi: 10.1371/journal.ppat.1010167


	 Shi L, Shangguan J, Lu Y, Rong J, Yang Q, Yang Y, et al. ROS-mediated up-regulation of SAE1 by Helicobacter pylori promotes human gastric tumor genesis and progression. J Transl Med. (2024) 22:148. doi: 10.1186/s12967-024-04913-5


	 Sidik SM, Salsman J, Dellaire G, Rohde JR. Shigella infection interferes with SUMOylation and increases PML-NB number. PloS One. (2015) 10:e0122585. doi: 10.1371/journal.pone.0122585


	 Srikanth CV, Verma S. Sumoylation as an integral mechanism in bacterial infection and disease progression. Adv Exp Med Biol. (2017) 963:389–408. doi: 10.1007/978-3-319-50044-7_22


	 Wang Y, Xi J, Wu P, Zhang H, Deng X, Wang Y, et al. Small ubiquitin-related modifier 2 affects the intracellular survival of Brucella abortus 2308 by regulating activation of the NF-κB pathway. Innate Immun. (2021) 27:81–8. doi: 10.1177/1753425920972171


	 Sohn SY, Hearing P. Mechanism of adenovirus E4-ORF3-mediated SUMO modifications. mBio. (2019) 10:e00022–19. doi: 10.1128/mBio.00022-19


	 Luan X, Wang L, Song G, Zhou W. Innate immune responses to RNA: sensing and signalling. Front Immunol. (2024) 15:1287940. doi: 10.3389/fimmu.2024.1287940


	 Pan J, Fei CJ, Hu Y, Wu XY, Nie L, Chen J. Current understanding of the cGAS-STING signaling pathway: Structure, regulatory mechanisms, and related diseases. Zool Res. (2023) 44:183–218. doi: 10.24272/j.issn.2095-8137.2022.464


	 Gokhale NS, Smith JR, Van Gelder RD, Savan R. RNA regulatory mechanisms that control antiviral innate immunity. Immunol Rev. (2021) 304:77–96. doi: 10.1111/imr.13019


	 Hembram DSS, Negi H, Biswas P, Tripathi V, Bhushan L, Shet D, et al. The viral SUMO-targeted ubiquitin ligase ICP0 is phosphorylated and activated by host kinase chk2. J Mol Biol. (2020) 432:1952–77. doi: 10.1016/j.jmb.2020.01.021


	 Patra U, Müller S. A tale of usurpation and subversion: SUMO-dependent integrity of promyelocytic leukemia nuclear bodies at the crossroad of infection and immunity. Front Cell Dev Biol. (2021) 9:696234: 2296-634X. doi: 10.3389/fcell.2021.696234:2296-634X


	 Singh RK, Vangala R, Torne AS, Bose D, Robertson ES. Epigenetic and epitranscriptomic regulation during oncogenic γ-herpesvirus infection. Front Microbiol. (2025) 15:1484455. doi: 10.3389/fmicb.2024.1484455


	 Mete B, Pekbilir E, Bilge BN, Georgiadou P, Çelik E, Sutlu T, et al. Human immunodeficiency virus type 1 impairs sumoylation. Life Sci Alliance. (2022) 5:e202101103. doi: 10.26508/lsa.202101103


	 Ganser-Pornillos BK, Pornillos O. Restriction of HIV-1 and other retroviruses by TRIM5. Nat Rev Microbiol. (2019) 17:546–56. doi: 10.1038/s41579-019-0225-2


	 Imbert F, Langford D. Comprehensive SUMO proteomic analyses identify HIV latency-associated proteins in microglia. Cells. (2025) 14:235. doi: 10.3390/cells14030235


	 Ji ZX, Wang XQ, Liu XF. NS1: A key protein in the “Game” Between influenza A virus and host in innate immunity. Front Cell Infect Microbiol. (2021) 11:670177. doi: 10.3389/fcimb.2021.670177


	 Wang G, Zhao Y, Zhou Y, Jiang L, Liang L, Kong F, et al. PIAS1-mediated SUMOylation of influenza A virus PB2 restricts viral replication and virulence. PloS Pathog. (2022) 18:e1010446. doi: 10.1371/journal.ppat.1010446


	 Madahar V, Dang R, Zhang Q, Liu C, Rodgers VGJ, Liao J. Human post-translational SUMOylation modification of SARS-coV-2 nucleocapsid protein enhances its interaction affinity with itself and plays a critical role in its nuclear translocation. Viruses. (2023) 15:1600. doi: 10.3390/v15071600


	 Ren J, Wang S, Zong Z, Pan T, Liu S, Mao W, et al. TRIM28-mediated nucleocapsid protein SUMOylation enhances SARS-CoV-2 virulence. Nat Commun. (2024) 15:244. doi: 10.1038/s41467-023-44502-6


	 De La Cruz-Herrera CF, Shire K, Siddiqi UZ, Frappier L. A genome-wide screen of Epstein-Barr virus proteins that modulate host SUMOylation identifies a SUMO E3 ligase conserved in herpesviruses. PloS Pathog. (2018) 14:e1007176. doi: 10.1371/journal.ppat.1007176


	 Tripathi V, Chatterjee KS, Das R. Non-covalent interaction with SUMO enhances the activity of human cytomegalovirus protein IE1. Front Cell Dev Biol. (2021) 9:662522. doi: 10.3389/fcell.2021.662522


	 K ST, Joshi G, Arya P, Mahajan V, Chaturvedi A, Mishra RK. SUMO and SUMOylation pathway at the forefront of host immune response. Front Cell Dev Biol. (2021) 9:681057. doi: 10.3389/fcell.2021.681057


	 Campbell M, Yang WS, Yeh WW, Kao CH, Chang PC. Epigenetic regulation of kaposi’s sarcoma-associated herpesvirus latency. Front Microbiol. (2020) 11:850. doi: 10.3389/fmicb.2020.00850


	 Sohn SY, Hearing P. Adenovirus early proteins and host sumoylation. mBio. (2016) 7:e01154–16. doi: 10.1128/mBio.01154-16


	 Singh RK, Vangala R, Torne AS, Bose D, Robertson ES. Epigenetic and epitranscriptomic regulation during oncogenic γ-herpesvirus infection. Front Microbiol. (2024) 15:1484455.1664-302X. doi: 10.3389/fmicb.2024.1484455.1664-302X


	 Zhang Z, Xia S, Wang Z, Yin N, Chen J, Shao L. The SUMOylation of human cytomegalovirus capsid assembly protein precursor (UL80.5) affects its interaction with major capsid protein (UL86) and viral replication. Viruses. (2023) 15:931. doi: 10.3390/v15040931


	 Conde JN, Schutt WR, Mladinich M, Sohn SY, Hearing P, Mackow ER. NS5 sumoylation directs nuclear responses that permit zika virus to persistently infect human brain microvascular endothelial cells. J Virol. (2020) 94:e01086–20. doi: 10.1128/JVI.01086-20


	 Vidal S, El Motiam A, Seoane R, Preitakaite V, Bouzaher YH, Gómez-Medina S, et al. Regulation of the ebola virus VP24 protein by SUMO. J Virol. (2019) 94:e01687–19. doi: 10.1128/JVI.01687-19


	 Obr M, Percipalle M, Chernikova D, Yang H, Thader A, Pinke G, et al. Distinct stabilization of the human T cell leukemia virus type 1 immature Gag lattice. Nat Struct Mol Biol. (2025) 32:268–76. doi: 10.1038/s41594-024-01390-8


	 Paul C, Khera L, Kaul R. Hepatitis C virus core protein interacts with cellular metastasis suppressor Nm23-H1 and promotes cell migration and invasion. Arch Virol. (2019) 164:1271–85. doi: 10.1007/s00705-019-04151-x


	 Sabatini ME, Compagnoni M, Maffini F, Miccolo C, Pagni F, Lombardi M, et al. The UBC9/SUMO pathway affects E-cadherin cleavage in HPV-positive head and neck cancer. Front Mol Biosci. (2022) 9:940449. doi: 10.3389/fmolb.2022.940449


	 Li D, Yan G, Zhou W, Si S, Liu X, Zhang J, et al. Ginkgolic acid and anacardic acid are reversible inhibitors of SARS-CoV-2 3-chymotrypsin-like protease. Cell Biosci. (2022) 12:65. doi: 10.1186/s13578-022-00806-6


	 Lange T, Kasper L, Gresnigt MS, Brunke S, Hube B. Under Pressure” – How fungi evade, exploit, and modulate cells of the innate immune system. Semin Immunol. (2023) 66:1044–5323. doi: 10.1016/j.smim.2023.101738


	 Leach MD, Stead DA, Argo E, Brown AJP. Identification of sumoylation targets, combined with inactivation of SMT3, reveals the impact of sumoylation upon growth, morphology, and stress resistance in the pathogen Candida albicans. Mol Biol Cell. (2011) 22:687–702. doi: 10.1091/mbc.e10-07-0632


	 Lopes JP, Lionakis MS. Pathogenesis and virulence of Candida albicans. Virulence. (2022) 13:89–121. doi: 10.1080/21505594.2021.2019950


	 Gupta D, Garapati HS, Kakumanu AVS, Shukla R, Mishra K. SUMOylation in fungi: A potential target for intervention. Comput Struct Biotechnol J. (2020) 18:3484–93. doi: 10.1016/j.csbj.2020.10.037


	 Zhang J, Qiu R, Bieger BD, Oakley CE, Oakley BR, Egan MJ, et al. Aspergillus SUMOylation mutants exhibit chromosome segregation defects including chromatin bridges. Genetics. (2023) 225. doi: 10.1093/genetics/iyad169


	 D’Enfert C, Kaune AK, Alaban LR, Chakraborty S, Cole N, Delavy M, et al. The impact of the Fungus-Host-Microbiota interplay upon Candida albicans infections: current knowledge and new perspectives. FEMS Microbiol Rev. (2021) 45:fuaa060. doi: 10.1093/femsre/fuaa060


	 Silva SDeM, Echeverri CR, Mendes-Giannini MJoséS, Fusco-Almeida AM, Gonzalez A. Common virulence factors between Histoplasma and Paracoccidioides: Recognition of Hsp60 and Enolase by CR3 and plasmin receptors in host cells. Curr Res Microbial Sci. (2024) 7:100246. doi: 10.1016/j.crmicr.2024.100246


	 Lee Y, Puumala E, Robbins N, Cowen LE. Antifungal drug resistance: molecular mechanisms in candida albicans and beyond. Chem Rev. (2021) 121:3390–411. doi: 10.1021/acs.chemrev.0c00199


	 Zaragoza O. Basic principles of the virulence of Cryptococcus. Virulence. (2019) 10:490–501. doi: 10.1080/21505594.2019.1614383


	 Gujjula R, Veeraiah S, Kumar K, Thakur SS, Mishra K, Kaur R. Identification of Components of the SUMOylation Machinery in Candida glabrata: Role of the DeSUMOylation peptidase cgulp2 in virulence. J Biol Chem. (2016) 291:19573–89. doi: 10.1074/jbc.M115.706044


	 Rodríguez MC, Dybas JM, Hughes J, Weitzman MD, Boutell C. The HSV-1 ubiquitin ligase ICP0: Modifying the cellular proteome to promote infection. Virus Res. (2020) 285:198015. doi: 10.1016/j.virusres.2020.198015


	 Colomer-Lluch M, Castro-Gonzalez S, Serra-Moreno R. Ubiquitination and SUMOylation in HIV infection: friends and foes. Curr Issues Mol Biol. (2020) 35:159–94. doi: 10.21775/cimb.035.159


	 Yang Yi, Mei L, Chen J, Chen X, Wang Z, Liu L, et al. Legionella pneumophila-mediated host posttranslational modifications. J Mol Cell Biol. (2023) 15:mjad032. doi: 10.1093/jmcb/mjad032


	 Tomasi ML, Ramani K. SUMOylation and phosphorylation cross-talk in hepatocellular carcinoma. Transl Gastroenterol Hepatol. (2018) 3. doi: 10.21037/tgh.2018.04.04


	 Stévenin V, Neefje J. Control of host PTMs by intracellular bacteria: An opportunity toward novel anti-infective agents. Cell Chem Biol. (2022) 29:741–56. doi: 10.1016/j.chembiol.2022.04.004


	 Rosonina E, Akhter A, Dou Y, Babu J, Sri Theivakadadcham VS. Regulation of transcription factors by sumoylation. Transcription. (2017) 8:220–31. doi: 10.1080/21541264.2017.1311829


	 Gomarasca M, Lombardi G, Maroni P. SUMOylation and NEDDylation in primary and metastatic cancers to bone. Front Cell Dev Biol. (2022) 10:889002. doi: 10.3389/fcell.2022.889002


	 El-Asmi F, McManus FP, Brantis-De-Carvalho CE, Valle-Casuso JC, Thibault P, Chelbi-Alix MK. Cross-talk between SUMOylation and ISGylation in response to interferon. Cytokine. (2020) 129:155025. doi: 10.1016/j.cyto.2020.155025


	 Ma X, Zhao C, Xu Y, Zhang H. Roles of host SUMOylation in bacterial pathogenesis. Infect Immun. (2023) 91:e00283–23. doi: 10.1128/iai.00283-23


	 Verma S, Mohapatra G, Ahmad SM, Rana S, Jain S, Khalsa JK, et al. Salmonella engages host microRNAs to modulate SUMOylation: a new arsenal for intracellular survival. Mol Cell Biol. (2015) 35:2932–46. doi: 10.1128/MCB.00397-15


	 Ryu HY, Hochstrasser M. Histone sumoylation and chromatin dynamics. Nucleic Acids Res. (2021) 49:6043–52. doi: 10.1093/nar/gkab280


	 Chandran A, Antony C, Jose L, Mundayoor S, Natarajan K, Kumar RA. Mycobacterium tuberculosis infection induces HDAC1-mediated suppression of IL-12B gene expression in macrophages. Front Cell Infect Microbiol. (2015) 5:90. doi: 10.3389/fcimb.2015.00090


	 Esher SK, Ost KS, Kohlbrenner MA, Pianalto KM, Telzrow CL, Campuzano A. Defects in intracellular trafficking of fungal cell wall synthases lead to aberrant host immune recognition. PloS Pathog. (2018) 14:e1007126. doi: 10.1371/journal.ppat.1007126


	 Li J, Su L, Jiang J, Wang YE, Ling Y, Qiu Y, et al. RanBP2/nup358 mediates sumoylation of STAT1 and antagonizes interferon-α-mediated antiviral innate immunity. Int J Mol Sci. (2024) 25:299. doi: 10.3390/ijms25010299


	 Chang PC, Kung HJ. SUMO and KSHV replication. Cancers (Basel). (2014) 6:1905–24. doi: 10.3390/cancers6041905


	 Rajput M, Choudhary K, Kumar M, Vivekanand V, Chawade A, Ortiz R, et al. RNA interference and CRISPR/cas gene editing for crop improvement: paradigm shift towards sustainable agriculture. Plants (Basel). (2021) 10:1914. doi: 10.3390/plants10091914


	 Chen Z, Cui Q, Cooper L, Zhang P, Lee H, Chen Z, et al. Ginkgolic acid and anacardic acid are specific covalent inhibitors of SARS-CoV-2 cysteine proteases. Cell Biosci. (2021) 11:45. doi: 10.1186/s13578-021-00564-x


	 Allegra A, Mirabile G, Ettari R, Pioggia G, Gangemi S. The impact of curcumin on immune response: an immunomodulatory strategy to treat sepsis. Int J Mol Sci. (2022) 23:14710. doi: 10.3390/ijms232314710


	 Cui J, Li H, Zhang T, Lin F, Chen M, Zhang G, et al. Research progress on the mechanism of curcumin anti-oxidative stress based on signaling pathway. Front Pharmacol. (2025) 16:1548073. doi: 10.3389/fphar.2025.1548073


	 Sandner G, Heckmann M, Weghuber J. Immunomodulatory activities of selected essential oils. Biomolecules. (2020) 10:1139. doi: 10.3390/biom10081139


	 Lightcap ES, Yu P, Grossman S, Song K, Khattar M, Xega K, et al. A small-molecule SUMOylation inhibitor activates antitumor immune responses and potentiates immune therapies in preclinical models. Sci Transl Med. (2021) 13:eaba7791. doi: 10.1126/scitranslmed.aba7791


	 Kumar S, Schoonderwoerd MJA, Kroonen JS, De Graaf IJ, Sluijter M, Ruano D, et al. Targeting pancreatic cancer by TAK-981: a SUMOylation inhibitor that activates the immune system and blocks cancer cell cycle progression in a preclinical model. Gut. (2022) 71:2266–83. doi: 10.1136/gutjnl-2021-324834


	 Wimmer P, Schreiner S. Viral mimicry to usurp ubiquitin and SUMO host pathways. Viruses. (2015) 7:4854–72. doi: 10.3390/v7092849


	 Clemens DL, Lee BY, Horwitz MA. Mycobacterium tuberculosis and Legionella pneumophila phagosomes exhibit arrested maturation despite acquisition of Rab7. Infect Immun. (2000) 68:5154–66. doi: 10.1128/IAI.68.9.5154-5166.2000


	 Wilson VG. Sumoylation at the host-pathogen interface. Biomolecules. (2012) 2:203–27. doi: 10.3390/biom2020203


	 Miao C, Huang Y, Zhang C, Wang X, Wang B, Zhou X, et al. Post-translational modifications in drug resistance. Drug Resistance Updates. (2024) 78:101173. doi: 10.1016/j.drup.2024.101173







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Padmakumar, Madhavan, Nair and Kumar. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1686880-g001.jpg





OEBPS/Images/fimmu-16-1686880-g002.jpg
Influenza Virus

(RNA virus)

. SUMO-E2 helps transcribe
early viral genes

. SUMO-ET1 + E2 help start

viral DNA replication

£ inhibits apoptosis =

[ Activates earl i\
genes (E6/ E7¥ \

W

HSV-1 Early and Late gene

v

Promotes viral
replication

Human Papillomavirus
(HPV16)
(DNA Virus)





OEBPS/Images/fimmu.2025.1686880_cover.jpg
& frontiers | Frontiers in Immunology

Pathogen-induced hijacking of host
SUMOylation: from molecular mechanisms
and prospects for therapeutic modulation





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1686880-g003.jpg
SUMO protease

G

2. Reduecd oxidative stress
Affects growth, stress tolerance

SMT3 — response and DNA 3. Increased susceptibility to DeSUMOylation
SUMO precursor repair capacity macrophage-mediated killing

Candida albicans

1. Reduce capsule formation
2. Disrupts biofilm formation

o~
-+ — Jv%% G@_’ -
Q c O®

SUMO precursor

SUMO protease

Cryptococcus
neoformans

1. Increased sensitivity to stress
SUMO protease 2. Reduced virulence J_

3. Altered adherence and
- biofilm formation Ulpl
I @ UIP2
; G
o sio: S
Q =8

Affects growth, stress
SMT3 — response and DNA ]
SUMO precursor repair capacity DeSUMOylation

Candida glabrata

SUMO protease

Helps in growth

SUMoO0 gene and conidiation .
SUMO precursor DeSUMOylation

Aspergilus nidulans

o Ulp1
UIP2
+ P
G
Q @ 1. impairedsi i @
. Impaired filamentation : :
Siz1 Sip2
T I

. Suppress the host
NF-kB- and AP-1-like
signalling

. Dampening the secretion

of host pro-inflammatory
cytokines

. Allows persistent

colonization

. Facilitates intracellular

survival in macrophages

. Shields fubgal antigens

from host patern
recognition receptors like
Dectin-1 and TLR2






