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During infection, pathogen sensing and cytokine signaling by the host induce expression of antimicrobial proteins and specialized post-translational modifications. One such protein is ISG15, a ubiquitin-like protein (UBL) conserved among vertebrates. Similar to ubiquitin, ISG15 covalently conjugates to lysine residues in substrate proteins in a process called ISGylation. Mice deficient for ISGylation or lacking ISG15 are strongly susceptible to many viral pathogens and several intracellular bacterial pathogens. Although ISG15 was the first UBL discovered after ubiquitin, the mechanisms behind its protective activity are poorly understood. Largely, this stems from a lack of knowledge on the ISG15 substrate repertoire. To unravel the antiviral activity of ISG15, early studies used mass spectrometry-based proteomics in combination with ISG15 pulldown. Despite reporting hundreds of ISG15 substrates, these studies were unable to identify the exact sites of modification, impeding a clear understanding of the molecular consequences of protein ISGylation. More recently, a peptide-based enrichment approach revolutionized the study of ubiquitin allowing untargeted discovery of ubiquitin substrates, including knowledge of their exact modification sites. Shared molecular determinants between ISG15 and ubiquitin allowed to take advantage of this technology for proteome-wide mapping of ISG15 substrates and modification sites. In this review, we provide a comprehensive overview of mass spectrometry-based proteomics studies on protein ISGylation. We critically discuss the relevant literature, compare reported substrates and sites and make suggestions for future research.
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Introduction


ISG15, a Ubiquitin-Like Protein of the Immune System

Host cellular immunity arises from the intricate network of cell types and signaling molecules which confer resistance to pathogenic infections. As part of both the innate and adaptive immune system, interferons (IFNs) are a family of proteins released by host cells upon encounter of foreign invaders. Acting as a cytokine, IFNs signal to other cells to induce the expression of interferon-stimulated genes (ISGs) whose products control pathogenic infections. The evolutionary conserved ubiquitin‐like protein (UBL) ISG15 is one of the genes most strongly induced by IFNs and has a profound role in the antimicrobial response. For instance, ISG15 is known to counteract both viral, bacterial and fungal infections (1). To exert this function, ISG15 depends on three molecular activities which include i) negative control of interferon-α/-β signaling as a free intracellular molecule (2, 3), ii) induction of IFN-γ secretion as an extracellular cytokine and iii) ubiquitin-like protein conjugation in a process called ISGylation (4, 5) (Figure 1). Similar to ubiquitylation, ISGylation is mediated by the consecutive action of an E1‐activating enzyme (UBA7), an E2‐conjugating enzyme (UBE2L6) and E3 ligases (ARIH1, TRIM25 or hHERC5/mHERC6) that covalently link ISG15 to lysine residues of target proteins (14–18). In addition, ISGylation can be reversed through the action of a deconjugating protease, the ubiquitin-like carboxy-terminal hydrolase USP18 (6, 19).




Figure 1 | The three functions of ISG15. (A) The ISGylation pathway during infection. After detecting the presence of an intra- or extracellular pathogen, several antimicrobial signaling pathways lead to the expression of ISGs, including ISG15 and its conjugation machinery. The covalent attachment of ISG15 to substrate proteins, also called ISGylation, relies on the activities of an E1 (UBA7) (1), E2 (UBE2L6) (2) and E3 (hHERC5/mHERC6) (3) enzyme. The product of the ISG15-conjugation pathway is an ISGylated host or viral protein (4). Target modification by ISG15 has a widespread negative effect on the replication, growth, egress and infectivity of four major classes of pathogens, including viruses, bacteria, fungi and protozoa (1). Deconjugation is catalyzed by USP18 which releases ISG15 from its substrate (5) (6). (B) Intra- and extracellular functions of free ISG15. Apart from its activity as a ubiquitin-like conjugate, ISG15 also exists in a free form with functions both inside and outside the cell. (1) Type I interferon (IFN-I) signaling is the main pathway for induction of ISG15 and the ISGylation machinery, including the deISGylase USP18. Binding of IFN-I to the dimeric IFN-I receptor (IFNAR1/2) results in recruitment and activation of Janus activated kinases (JAKs) and tyrosine kinase 2 (TYK2). Consequently, the JAKs phosphorylate STAT1 and STAT2 which dimerize and form a three-protein complex with IRF9. This complex translocates to the nucleus where it binds to IFN-responsive regulatory elements (ISRE) to initiate transcription of IFN-stimulated genes (ISGs). Among these genes is Usp18, which, in addition to its enzymatic activity, also functions as a negative regulator of IFN-I signaling by binding to IFNAR2 (7). There, it prevents dimerization of the receptor and blocks recruitment of JAKs which puts a brake on IFN-I-signaling (8). There, it prevents dimerization of the receptor and blocks recruitment of JAKs which puts a brake on IFN-I-signaling (8). In humans, this function depends on direct interaction with ISG15 which protects USP18 from proteasomal degradation (3). Apart from its role in IFN-I signaling, free ISG15 also blocks the activity of certain enzymes, impairs viral functions by sequestering viral proteins, regulates autophagy (9). (2) When ISG15 is not conjugated to other proteins, it also becomes secreted through an unknown non-canonical secretion pathway (10, 11). In the extracellular space, it acts as a cytokine for NK and T cells where it binds to LFA-1 and induces the secretion of IFN-γ and IL-10 from secretory granules (5). The mechanism relies on a synergy between IL-12 and ISG15 where IL-12 triggers the expression of IFN-γ and ISG15 promotes the secretion of IFN-γ through downstream activation of SRC kinases. In addition, ISG15 was shown to enhance secretion of other pro-inflammatory cytokines such as CXCL1, CXCL5, IL-1 and IL-6 (12, 13). Figure created with BioRender.com.



Although its discovery dates back to the 1980s, ISG15 only recently regained attention as an UBL involved in a plethora of biological pathways. Aside from the immune system, ISG15 also plays a role in the progression of cancers, exosome secretion, the DNA damage response, telomere shortening, autophagy, hypoxia and ischemia (20–28). However, its main and most studied function lies within the host response against viral infection [recently reviewed in (1)]. ISG15 acts antiviral by covalently modifying host and viral proteins which interferes with viral assembly or function (29). Accordingly, mice lacking ISG15 are unable to control various pathogens including clinically relevant etiologic agents such as influenza, herpes‐, noro- and coxsackievirus (30–32). This crucial antiviral function of ISG15 is further supported by effective immune evasion strategies of specific pathogens which express ISG15 proteases (e.g. SARS/MERS virus) or interfere with ISG15 conjugation (e.g. influenza virus) (33–35). Notably, also the coronavirus pandemic led to renewed interest in ISG15 since the papain-like protease (PLpro) from SARS-CoV-2 actively targets and deconjugates ISGylated proteins to dismantle the host immune response (36, 37). In line with this, molecular inhibition of PLpro restores ISGylation levels in infected cells concomitant with reduced viral replication and virus-induced cytopathogenic effects (10).

Although ISG15 and ISGylation have been primarily characterized in the context of viral infection, it was recently shown that ISG15 also protects against infections by intracellular bacteria such as Listeria monocytogenes (L. monocytogenes) and Mycobacterium tuberculosis (M. tuberculosis) or predominantly extracellular bacteria like Pseudomonas aeruginosa (38–40). Concordantly, individuals with an inherited ISG15 deficiency show an increased susceptibility to weakly virulent M. tuberculosis, a condition known as Mendelian susceptibility to mycobacterial disease (MSMD) (4). Although this phenotype was first ascribed to the extracellular function of ISG15, it was later shown that ISG15 conjugation is also upregulated during M. tuberculosis infection in vivo (39). Likewise, our laboratory and others have shown that increased levels of ISGylation protect against L. monocytogenes in vitro and in vivo (38). Meanwhile beyond bacteria, ISGylation was also found to be critical to control Toxoplasma gondii (T. gondii) infection in human cells (41).

Clearly, ISG15 and ISGylation harbor a broad antimicrobial effect against several major classes of pathogens. Evidently, this raises the question how one single protein modification can target such a diverse set of disease agents. One model suggests that cotranslational modification of newly translated proteins is the basis of ISG15’s far-reaching antimicrobial function. Indeed, the dominant ISG15 E3 ligase HERC5 associates with polyribosomes and preferentially modifies proteins that are being synthesized during the active stages of the conjugation machinery (29). Considering that during viral infection mainly viral proteins are translated, ISGylation will preferentially target viral proteins thus disturbing their folding and activity. As such mechanism does not require affinity for specific viral components, ISG15 cotranslational tagging likely contributes to the ability of ISG15 to counteract a broad range of viruses. While this model contributes to our understanding of the antiviral activity of ISG15, it does not explain how ISGylation counteracts bacterial infections. In addition, viral infection or type I interferons (IFN-I) signaling also leads to strong ISGylation of host proteins for which the functional role is still unknown. To gain insights into the biological implications of ISGylation, research has focused on identifying the targets and sites of ISGylation induced upon infection.

Like many other protein post-translational modifications (PTMs), research on UBLs has benefited greatly from recent advances in mass spectrometry (MS)-based proteomics. Aside from shotgun proteomics experiments to profile protein changes upon ISG15 modulation (42–44), several MS screens were performed in the past two decades to identify targets and sites of ISG15 with increasing levels of ingenuity, but also with their own set of shortcomings. In this review, we provide a comprehensive overview of MS-based studies on protein ISGylation. We critically discuss the relevant literature and make suggestions for future developments and research.



MS-Based Approaches to Identify ISG15 Substrates

Despite its early classification as an UBL, it was not until 2002 when the first substrates of ISG15-conjugation were discovered. Following immune challenge of murine macrophages with bacterial DNA, Hamerman and colleagues identified Serpin2a as a bacteria-induced host protein with unexpected higher molecular mass forms on western blot (45). The authors expressed a tagged version of Serpin2a in macrophages followed by immunoprecipitation (IP) and separation on SDS-PAGE to isolate these modified forms of Serpin2a. Subsequent MS analysis then revealed mouse ISG15 as the PTM that conjugates to Serpin2a during macrophage activation. One year later, four additional ISG15-substrates were reported using a high-throughput western blot screen on human thymus samples (46).

In the years that followed, different research groups continued using untargeted MS-based approaches to identify targets of ISGylation. In 2005, a research team led by Robert M Krug was the first to report a comprehensive catalog of 156 human ISGylated proteins (47). The authors overexpressed doubly tagged His-FLAG-ISG15 along with E1/E2 enzymes in HeLa cells treated with IFN-I. ISGylated proteins were isolated from cellular lysates by affinity pulldown and separated by SDS-PAGE prior to their MS identification from specific gel bands. Bona fide ISGylated proteins were distinguished from potential contaminants by applying the same procedure on untransfected control cells. Similarly, Takeuchi and colleagues relied on overexpression of FLAG-ISG15 and the ISGylation machinery (E1/E2 enzymes) in HeLa cells to identify six additional substrates of ISG15 (48).

Although new insights were gained into the functions of ISG15, both studies suffered from the use of transient transfection to overexpress the ISGylation machinery. This was known to introduce artefacts through modification of collateral proteins that are not endogenous ISG15-conjugates (29). To overcome these limitations, alternative strategies were devised based on antibodies recognizing endogenous ISG15 or on cell lines stably expressing tagged ISG15. Wong et al. engineered A549 cells to express FLAG-ISG15 which was leveraged to isolate ISGylated proteins from IFN-I-treated cells (49). They identified 168 ISGylation targets of which 24 were biochemically validated. Moreover, the use of A549 instead of HeLa cells elegantly expanded the repertoire of ISG15 targets in epithelial cells. Also during that time, the first ISG15 substrates derived from professional immune cells were uncovered thanks to the lab of Dong-Er Zhang. Here, the authors relied on antibodies raised against human and mouse ISG15 to isolate and map ISG15 substrates in human U937 monocytes and Usp18-/- mouse embryonic fibroblast (MEF) cells treated with IFN-I (50). In total, 76 ISGylation targets were discovered of which 21 were found in both human and mouse cells, suggesting a core set of ISGylated proteins shared across different species and cell types. More recently, Care et al. applied the same antibody-based strategy to draft the first catalog of ISG15 substrates in primary human cells (51). The authors investigated how ISG15-conjugation is involved in the maturation of plasmablasts into immunoglobulin-secreting plasma cells. To this end, primary B cells were isolated from human donors, treated with IFN-I and immunoprecipitated with anti-ISG15 antibodies. MS analysis and comparison with control-IP samples revealed 52 ISGylated substrates, several of which are known regulators of B cell maturation.

Nonetheless, the identification of endogenous ISG15 substrates through IP remains suboptimal due to the inefficiency of ISG15 antibodies to enrich for ISGylated proteins (47, 52). As a result, Yan et al. recently developed a novel approach to map ISG15 targets based on adenoviral delivery and stable overexpression of FLAG-ISG15 into primary Isg15-/- adipocytes treated with LPS (52). In this way, potent anti-FLAG antibodies could be used to fish for ISGylated proteins, similar to the early screens of Takeuchi and Wong. Following standard IP and MS analysis, the authors eventually identified 527 murine ISG15 substrates, hitherto the highest number of ISGylated proteins reported in a single experiment. One of the reasons for their high coverage is the incorporation of state-of-the-art proteomics tools, including peptide isotopic labeling by Tandem Mass Tags (TMT) and high-resolution orbitrap MS analysis.

Together, these studies made important contributions to the field by expanding the landscape of potential ISGylation functions beyond the scope of microbial infections. Nevertheless, ISG15’s antimicrobial activity is still considered as its foremost function which prompted additional proteomics studies in the context of infection. In 2015, Radoshevich et al. demonstrated that ISG15 counteracts infection with the intracellular bacterial pathogen L. monocytogenes in vitro and in vivo (38). To work out the molecular determinants underlying the antilisterial activity, the authors developed a quantitative proteomics approach to identify ISG15 substrates. Using HeLa cells stably expressing FLAG-His-ISG15, they isolated ISGylated proteins by His pulldown and quantitatively measured the levels of ISG15-conjugates with Stable Isotope Labeling by Amino acids in Cell culture (SILAC). Unlike previous screens where in-gel digestion was used without any isotopic labeling approach, this report was the first to combine contemporary in-solution sample preparation with SILAC-based quantification. With their approach, the authors identified 42 new ISG15 substrates of which two were validated at the endogenous level during L. monocytogenes infection. Similarly, Bhushan and colleagues investigated the role of ISGylation signaling during autophagy-mediated growth restriction of intracellular T. gondii (41). The authors found that ISG15 is part of the proxisome of the Autophagy Gene 5 (ATG5) where it mediates recruitment of autophagy adaptors to the pathogen-containing vacuole (PV). Accordingly, deletion of ISG15 blocked PV-recruitment which impaired IFN-γ-dependent control of T. gondii. To discern the function of ISG15-conjugation during this process, the authors mapped ISG15 substrates in A549 cells upon IFN-γ treatment. Their protocol used A549 cells stably expressing wild-type or non-conjugatable ISG15 (control) that were subjected to ISG15 IP and on-bead trypsin digestion followed by MS analysis. 239 ISGylated proteins were identified, making up the first list of ISGylated proteins induced upon IFN-γ treatment in an epithelial cell line. Finally, one study identified ISG15 substrates during influenza A viral infection (53). Here, A549 cells were cultured in presence or absence (control) of the virus to induce a physiological ISGylation response. After 24h, cells were lysed and ISGylated proteins were pulled down prior to on-bead trypsin digestion and LC-MS/MS analysis. Among 22 ISGylated proteins, the authors picked up the influenza A non-structural protein 1 as a known viral target of ISGylation (54, 55).

Together, just 20 years after the initial discovery of the first ISG15 substrate, MS-based methods led to the successful identification of hundreds of ISGylation substrates in various cell types upon different stimuli. However, many of these studies relied on artificial systems that used ectopic overexpression of ISG15 in cultured cells, leading to overexpression artefacts, and on treatment with IFNs which could induce a stronger ISGylation response than what is physiologically induced during infection. In addition, none of the above screens was able to pinpoint the exact modification site on substrate proteins, making it difficult to investigate how ISG15-conjugation affects the function of the identified substrates.



Proteome-Wide Mapping of ISG15 Modification Sites

To overcome the inability to map ISG15 modification sites and inspired by recent developments in the ubiquitin field, we recently devised a novel approach to study protein ISGylation (56). When trypsin cleaves proteins into peptides, also conjugated ISG15 becomes proteolyzed which leaves a diglycine tag (GG) attached to the original modified lysine residue. As a result, peptides that were modified by ISG15 can be isolated from the bulk of unmodified peptides using anti-K-ϵ-GG antibodies. Hence, the modified peptides including the exact site of modification can be identified by LC-MS/MS. Without any further comparison, however, GG peptide pulldown is unable to distinguish ISG15 sites from ubiquitin and NEDD8 sites since trypsin digestion leaves the same diglycine adduct for all three PTMs. One evident solution is to include an Isg15-/- control condition where all enriched sites either correspond to NEDD8 or ubiquitin sites. In this way, sites that are uniquely identified in the wild-type correspond to bona fide ISG15 sites. Using this comparative approach, we were able to map 930 ISG15 sites on 434 proteins in the liver of mice infected with L. monocytogenes, the first study reporting on the proteome-wide identification of ISG15 modification sites, directly in an in vivo model of bacterial infection.

Last year, the group of Benedikt Kessler published a similar strategy to map ISG15 modification sites in the chronic myeloid leukemia (CML)-derived cell line HAP1 (57). Here, the authors used Usp18-/- cells instead of Isg15-/- cells to control for the ubiquitin/NEDD8 signal spillover. Knockout of USP18 as the major deISGylation enzyme leads to massive accumulation of ISGylated proteins after IFN-I treatment. Hence, sites differentially regulated between Usp18-/- and wild-type cells correspond to actual ISG15 sites, assuming that ubiquitylation and NEDDylation are not affected in Usp18-/- cells. Their approach eventually uncovered 796 ISG15 modification sites on 476 substrate proteins. In addition, the authors validated 110 of the identified targets in the same cellular system by ISG15 IP followed by LC-MS/MS. Together, both approaches led to the joint discovery of 679 USP18-dependent substrates of ISG15.

Finally, a recent proteomics study on ISGylation generated the first list of porcine ISG15 substrates in a porcine alveolar macrophage cell line treated with IFN-I (58). Similar to previous studies, the authors relied on an antibody against porcine ISG15 to isolate ISGylated proteins prior to in-solution digestion and MS analysis. Even without specific enrichment, MS analysis allowed to identify GG-modified peptides and map 190 ISGylation sites on 97 substrate proteins. Evidently, this study demonstrates the capacity of contemporary MS-based proteomics to map ISG15 modification sites directly after ISG15 pulldown, albeit with a lower efficiency compared to standard GG-peptidomics.




Common Substrates and Future Perspectives

In the above studies two strategies were used to map ISG15 substrates: i) enrichment of ISGylated proteins on the protein level and ii) pulldown of GG-modified peptides to identify the protein along with the modification site(s) (Figure 2A). Together, both strategies led to the discovery of 1,563 ISG15 substrates of which 64 were validated by orthogonal approaches (Supplementary Table S1), with a coverage increasing over time thanks to more performant MS technologies and improved methods to study ISG15 (Figures 2B, C). For example, GG-peptidomics alone resulted in more identified ISGylation substrates than all previous approaches combined. By looking at the overlap across all screens, 29 ISG15 substrates were identified in half of the studies, suggesting that despite the different species, cell types and strategies employed, there is a degree of selectivity for certain ISG15 substrates (Figure 2D). Among these 29 proteins are many metabolic proteins, especially glycolytic enzymes, and ISGs such as STAT1 and IFIT1, in line with previous reports (44, 52, 56, 59).




Figure 2 | MS-based discovery of ISG15 substrates. (A) Commonly used workflows to identify ISG15 substrates by mass spectrometry. Upper panel: many studies rely on pulldown of ISGylated proteins from induced cells using antibodies or resins against endogenous or overexpressed (tagged) ISG15. Pulled down proteins are separated by SDS-PAGE to trypsinize specific gel bands. Alternatively, proteins are digested directly on-bead. In both cases, the released peptides are analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Non-specific binders can be controlled by parallel analysis of cells expressing no ISG15 or non-conjugatable ISG15 (e.g. ISG15AA) or by using an antibody isotype control. Lower panel: to identify exact sites of ISG15 modification, recent studies applied diglycine (GG) peptide enrichment from induced cells or tissues. Here, trypsin digestion of extracted proteins generates GG-modified peptides derived from conjugated ISG15, ubiquitin or NEDD8. These GG-modified peptides can be captured with specific anti-K-ϵ-GG antibodies prior to their identification by LC-MS/MS. To distinguish ISG15 modification sites from ubiquitin and NEDD8 sites, genetic controls are included such as Isg15-/- mice or Usp18-/- cells. Consequently, comparison with a wild-type condition allows to pinpoint bona fide ISG15 sites based on their absence in Isg15-/- or increased abundance in Usp18-/- conditions. Figure created with BioRender.com. (B) Overview of MS-based proteomics studies reporting ISG15 substrates, listing relevant information on the number of identified substrates and the experimental design. (C) Bar chart showing the increase of identified ISG15 substrates in the different studies over time. (D) Bar chart showing 29 ISG15 substrates that were reported in ≥7 studies. (E) Venn diagram showing the overlap between the most modified ISG15 substrates listed in panel (F–H). (F–H) Bar charts showing the most modified ISG15 substrates (substrates with ≥5 sites) in the three GG-peptidomics screens.



Aside from protein substrates, three studies additionally uncovered 1,916 ISG15 modification sites (Supplementary Table S2). However, unlike SUMOylation (60), these studies did not report any sequence motif that would drive the specificity for ISG15 conjugation (56, 57). We ranked ISG15 substrates based on their number of identified GG sites, which allowed us to highlight the top most modified ISG15 substrates in each study (Figures 2E–H). By looking at the overlap, the molecular chaperone HSPA8 and the glycolytic enzyme GAPDH were found as most modified ISG15 substrates. GAPDH was found in six out of fourteen screens, while HSPA8 was found in eleven screens, so far without any further characterization. Likely, ISGylation of these key proteins regulates their activity or interaction state, influencing the cellular processes in which they are involved.

Despite the gain of knowledge through ISG15 site-seeing, studies by Zhang and Pinto-Fernandez relied on genetic approaches with Isg15-/- animals or Usp18-/- cells to discern bona fide ISG15 sites. Since both proteins are regulators of IFN-I signaling, but also other processes (3, 61) (Figure 1), their absence could potentially introduce artefacts which might also affect the identification of ISG15 sites. Future studies will need to address this caveat by developing novel genetic approaches that preserve both IFN-I signaling and endogenous ISG15 conjugation. In analogy to strategies employed for the identification of SUMO sites (62, 63), one could envision to mutate ISG15’s C-terminal sequence to LRLKGG, which after endopeptidase Lys-C digestion will generate ISG15-derived GG-modified peptides that can be specifically enriched and identified by MS. However, such genetic approaches cannot easily be used in a clinical setting.

To overcome the need for genetic approaches and expand the repertoire of applicable samples, alternative approaches could be based on novel antibodies or technologies that combine enzymatic and chemical methods. Unlike trypsin digestion which generates the same GG-modified peptides for ubiquitin, NEDD8 and ISG15, digestion with endopeptidase Lys-C leads to remnants that are specific for each UBL. Hence, antibodies developed against this fragment could be used to fish for ISG15-modified peptides. In the case of ubiquitin, this strategy led to the proteome-wide identification of 63,000 unique modification sites (64). Another elegant strategy would be to include a treatment with USP2 (a ubiquitin-specific protease) ahead of trypsin digestion and GG-peptide enrichment to deplete the sample from ubiquitin-modification sites. Similarly, the specificity of proteases such as USP18 could be leveraged to reveal free lysine residues at ISG15 modification sites available for chemical labeling and enrichment by affinity precipitation (65) or diagonal chromatography (66). Beyond label-free quantification, improvements in quantification methods also have the potential to increase site identification by GG-peptidomics, as demonstrated by the incorporation of SILAC and TMT-labeling in several ubiquitin studies (67, 68).



Author Contributions

FT and DE wrote the manuscript. DE conceived Figure 1. FT conceived Figure 2 and the supplementary tables. FI supervised FT and DE and edited the manuscript. All authors contributed to the article and approved the submitted version.



Funding

FI acknowledges funding from Odysseus grant G0F8616N from the Research Foundation Flanders (FWO) and ERANET Infect-ERA BacVIRISG15. DE is supported by the FWO PhD fellowship 1167221N for fundamental research.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.720765/full#supplementary-material



References

1. Perng, YC, and Lenschow, DJ. ISG15 in Antiviral Immunity and Beyond. Nat Rev Microbiol (2018) 16(7):423–39. doi: 10.1038/s41579-018-0020-5

2. Speer, SD, Li, Z, Buta, S, Payelle-Brogard, B, Qian, L, Vigant, F, et al. ISG15 Deficiency and Increased Viral Resistance in Humans But Not Mice. Nat Commun (2016) 7:11496. doi: 10.1038/ncomms11496

3. Zhang, X, Bogunovic, D, Payelle-Brogard, B, Francois-Newton, V, Speer, SD, Yuan, C, et al. Human Intracellular ISG15 Prevents Interferon-Alpha/Beta Over-Amplification and Auto-Inflammation. Nature (2015) 517(7532):89–93. doi: 10.1038/nature13801

4. Bogunovic, D, Byun, M, Durfee, LA, Abhyankar, A, Sanal, O, Mansouri, D, et al. Mycobacterial Disease and Impaired IFN-Gamma Immunity in Humans With Inherited ISG15 Deficiency. Sci (New York N.Y.) (2012) 337(6102):1684–8. doi: 10.1126/science.1224026

5. Swaim, CD, Scott, AF, Canadeo, LA, and Huibregtse, JM. Extracellular ISG15 Signals Cytokine Secretion Through the LFA-1 Integrin Receptor. Mol Cell (2017) 68(3):581–90.e5. doi: 10.1016/j.molcel.2017.10.003

6. Malakhov, MP, Malakhova, OA, Kim, KI, Ritchie, KJ, and Zhang, DE. UBP43 (USP18) Specifically Removes ISG15 From Conjugated Proteins. J Biol Chem (2002) 277(12):9976–81. doi: 10.1074/jbc.M109078200

7. Malakhova, OA, Kim, KI, Luo, JK, Zou, W, Kumar, KG, Fuchs, SY, et al. UBP43 is a Novel Regulator of Interferon Signaling Independent of Its ISG15 Isopeptidase Activity. EMBO J (2006) 25(11):2358–67. doi: 10.1038/sj.emboj.7601149

8. Arimoto, KI, Lochte, S, Stoner, SA, Burkart, C, Zhang, Y, Miyauchi, S, et al. STAT2 is an Essential Adaptor in USP18-Mediated Suppression of Type I Interferon Signaling. Nat Struct Mol Biol (2017) 24(3):279–89. doi: 10.1038/nsmb.3378

9. Freitas, BT, Scholte, FEM, Bergeron, E, and Pegan, SD. How ISG15 Combats Viral Infection. Virus Res (2020) 286:198036. doi: 10.1016/j.virusres.2020.198036

10. Swaim, CD, Canadeo, LA, Monte, KJ, Khanna, S, Lenschow, DJ, and Huibregtse, JM. Modulation of Extracellular ISG15 Signaling by Pathogens and Viral Effector Proteins. Cell Rep (2020) 31(11):107772. doi: 10.1016/j.celrep.2020.107772

11. Knight, E Jr, and Cordova, B. IFN-Induced 15-kDa Protein is Released From Human Lymphocytes and Monocytes. J Immunol (Baltimore Md.: 1950) (1991) 146(7):2280–4.

12. Ostvik, AE, Svendsen, TD, Granlund, AVB, Doseth, B, Skovdahl, HK, Bakke, I, et al. Intestinal Epithelial Cells Express Immunomodulatory ISG15 During Active Ulcerative Colitis and Crohn’s Disease. J Crohns Colitis (2020) 14(7):920–34. doi: 10.1093/ecco-jcc/jjaa022

13. Dos Santos, PF, and Mansur, DS. Beyond ISGlylation: Functions of Free Intracellular and Extracellular Isg15. J Interferon Cytokine Res (2017) 37(6):246–53. doi: 10.1089/jir.2016.0103

14. Yuan, W, and Krug, RM. Influenza B Virus NS1 Protein Inhibits Conjugation of the Interferon (IFN)-Induced Ubiquitin-Like ISG15 Protein. EMBO J (2001) 20(3):362–71. doi: 10.1093/emboj/20.3.362

15. Kim, KI, Giannakopoulos, NV, Virgin, HW, and Zhang, DE. Interferon-Inducible Ubiquitin E2, Ubc8, is a Conjugating Enzyme for Protein ISGylation. Mol Cell Biol (2004) 24(21):9592–600. doi: 10.1128/MCB.24.21.9592-9600.2004

16. Dastur, A, Beaudenon, S, Kelley, M, Krug, RM, and Huibregtse, JM. Herc5, an Interferon-Induced HECT E3 Enzyme, is Required for Conjugation of ISG15 in Human Cells. J Biol Chem (2006) 281(7):4334–8. doi: 10.1074/jbc.M512830200

17. Zou, W, and Zhang, DE. The Interferon-Inducible Ubiquitin-Protein Isopeptide Ligase (E3) EFP Also Functions as an ISG15 E3 Ligase. J Biol Chem (2006) 281(7):3989–94. doi: 10.1074/jbc.M510787200

18. Okumura, F, Zou, W, and Zhang, DE. ISG15 Modification of the Eif4e Cognate 4EHP Enhances Cap Structure-Binding Activity of 4EHP. Genes Dev (2007) 21(3):255–60. doi: 10.1101/gad.1521607

19. Basters, A, Geurink, PP, El Oualid, F, Ketscher, L, Casutt, MS, Krause, E, et al. Molecular Characterization of Ubiquitin-Specific Protease 18 Reveals Substrate Specificity for Interferon-Stimulated Gene 15. FEBS J (2014) 281(7):1918–28. doi: 10.1111/febs.12754

20. Villarroya-Beltri, C, Guerra, S, and Sanchez-Madrid, F. ISGylation - a Key to Lock the Cell Gates for Preventing the Spread of Threats. J Cell Sci (2017) 130(18):2961–9. doi: 10.1242/jcs.205468

21. Villarroya-Beltri, C, Baixauli, F, Mittelbrunn, M, Fernandez-Delgado, I, Torralba, D, Moreno-Gonzalo, O, et al. ISGylation Controls Exosome Secretion by Promoting Lysosomal Degradation of MVB Proteins. Nat Commun (2016) 7:13588. doi: 10.1038/ncomms13588

22. Park, JH, Yang, SW, Park, JM, Ka, SH, Kim, JH, Kong, YY, et al. Positive Feedback Regulation of P53 Transactivity by DNA Damage-Induced ISG15 Modification. Nat Commun (2016) 7:12513. doi: 10.1038/ncomms12513

23. Raso, MC, Djoric, N, Walser, F, Hess, S, Schmid, FM, Burger, S, et al. Interferon-Stimulated Gene 15 Accelerates Replication Fork Progression Inducing Chromosomal Breakage. J Cell Biol (2020) 219(8):e202002175. doi: 10.1083/jcb.202002175

24. Lou, Z, Wei, J, Riethman, H, Baur, JA, Voglauer, R, Shay, JW, et al. Telomere Length Regulates ISG15 Expression in Human Cells. Aging (Albany NY) (2009) 1(7):608–21. doi: 10.18632/aging.100066

25. Xu, D, Zhang, T, Xiao, J, Zhu, K, Wei, R, Wu, Z, et al. Modification of BECN1 by ISG15 Plays a Crucial Role in Autophagy Regulation by Type I IFN/Interferon. Autophagy (2015) 11(4):617–28. doi: 10.1080/15548627.2015.1023982

26. Nakashima, H, Nguyen, T, Goins, WF, and Chiocca, EA. Interferon-Stimulated Gene 15 (ISG15) and ISG15-Linked Proteins can Associate With Members of the Selective Autophagic Process, Histone Deacetylase 6 (HDAC6) and SQSTM1/P62. J Biol Chem (2015) 290(3):1485–95. doi: 10.1074/jbc.M114.593871

27. Nakka, VP, Lang, BT, Lenschow, DJ, Zhang, DE, Dempsey, RJ, and Vemuganti, R. Increased Cerebral Protein ISGylation After Focal Ischemia Is Neuroprotective. J Cereb Blood Flow Metab (2011) 31(12):2375–84. doi: 10.1038/jcbfm.2011.103

28. Yeh, YH, Yang, YC, Hsieh, MY, Yeh, YC, and Li, TK. A Negative Feedback of the HIF-1alpha Pathway via Interferon-Stimulated Gene 15 and ISGylation. Clin Cancer Res (2013) 19(21):5927–39. doi: 10.1158/1078-0432.CCR-13-0018

29. Durfee, LA, Lyon, N, Seo, K, and Huibregtse, JM. The ISG15 Conjugation System Broadly Targets Newly Synthesized Proteins: Implications for the Antiviral Function of ISG15. Mol Cell (2010) 38(5):722–32. doi: 10.1016/j.molcel.2010.05.002

30. Lenschow, DJ, Lai, C, Frias-Staheli, N, Giannakopoulos, NV, Lutz, A, Wolff, T, et al. IFN-Stimulated Gene 15 Functions as a Critical Antiviral Molecule Against Influenza, Herpes, and Sindbis Viruses. Proc Natl Acad Sci USA (2007) 104(4):1371–6. doi: 10.1073/pnas.0607038104

31. Rodriguez, MR, Monte, K, Thackray, LB, and Lenschow, DJ. ISG15 Functions as an Interferon-Mediated Antiviral Effector Early in the Murine Norovirus Life Cycle. J Virol (2014) 88(16):9277–86. doi: 10.1128/JVI.01422-14

32. Rahnefeld, A, Klingel, K, Schuermann, A, Diny, NL, Althof, N, Lindner, A, et al. Ubiquitin-Like Protein ISG15 (Interferon-Stimulated Gene of 15 kDa) in Host Defense Against Heart Failure in a Mouse Model of Virus-Induced Cardiomyopathy. Circulation (2014) 130(18):1589–600. doi: 10.1161/CIRCULATIONAHA.114.009847

33. Yang, X, Chen, X, Bian, G, Tu, J, Xing, Y, Wang, Y, et al. Proteolytic Processing, Deubiquitinase and Interferon Antagonist Activities of Middle East Respiratory Syndrome Coronavirus Papain-Like Protease. J Gen Virol (2014) 95(Pt 3):614–26. doi: 10.1099/vir.0.059014-0

34. Lindner, HA, Lytvyn, V, Qi, H, Lachance, P, Ziomek, E, and Menard, R. Selectivity in ISG15 and Ubiquitin Recognition by the SARS Coronavirus Papain-Like Protease. Arch Biochem Biophys (2007) 466(1):8–14. doi: 10.1016/j.abb.2007.07.006

35. Chang, YG, Yan, XZ, Xie, YY, Gao, XC, Song, AX, Zhang, DE, et al. Different Roles for Two Ubiquitin-Like Domains of ISG15 in Protein Modification. J Biol Chem (2008) 283(19):13370–7. doi: 10.1074/jbc.M800162200

36. Shin, D, Mukherjee, R, Grewe, D, Bojkova, D, Baek, K, Bhattacharya, A, et al. Papain-Like Protease Regulates SARS-CoV-2 Viral Spread and Innate Immunity. Nature (2020) 587(7835):657–62. doi: 10.1038/s41586-020-2601-5

37. Liu, G, Lee, JH, Parker, ZM, Acharya, D, Chiang, JJ, van Gent, M, et al. ISG15-Dependent Activation of the Sensor MDA5 Is Antagonized by the SARS-CoV-2 Papain-Like Protease to Evade Host Innate Immunity. Nat Microbiol (2021) 6(4):467–78. doi: 10.1038/s41564-021-00884-1

38. Radoshevich, L, Impens, F, Ribet, D, Quereda, JJ, Nam Tham, T, Nahori, MA, et al. ISG15 Counteracts Listeria Monocytogenes Infection. Elife (2015) 4:e06848. doi: 10.7554/eLife.06848

39. Kimmey, JM, Campbell, JA, Weiss, LA, Monte, KJ, Lenschow, DJ, and Stallings, CL. The Impact of ISGylation During Mycobacterium Tuberculosis Infection in Mice. Microb Infect (2017) 19(4-5):249–58. doi: 10.1016/j.micinf.2016.12.006

40. Gao, N, Me, R, Dai, C, and Yu, FX. ISG15 Acts as a Mediator of Innate Immune Response to Pseudomonas Aeruginosa Infection in C57BL/6J Mouse Corneas. Invest Ophthalmol Vis Sci (2020) 61(5):26. doi: 10.1167/iovs.61.5.26

41. Bhushan, J, Radke, JB, Perng, YC, McAllaster, M, Lenschow, DJ, Virgin, HW, et al. ISG15 Connects Autophagy and IFN-Gamma-Dependent Control of Toxoplasma Gondii Infection in Human Cells. mBio (2020) 11(5):e00852–20. doi: 10.1128/mBio.00852-20

42. Real, CI, Megger, DA, Sitek, B, Jahn-Hofmann, K, Ickenstein, LM, John, MJ, et al. Identification of Proteins That Mediate the Pro-Viral Functions of the Interferon Stimulated Gene 15 in Hepatitis C Virus Replication. Antiviral Res (2013) 100(3):654–61. doi: 10.1016/j.antiviral.2013.10.009

43. Baldanta, S, Fernandez-Escobar, M, Acin-Perez, R, Albert, M, Camafeita, E, Jorge, I, et al. ISG15 Governs Mitochondrial Function in Macrophages Following Vaccinia Virus Infection. PloS Pathog (2017) 13(10):e1006651. doi: 10.1371/journal.ppat.1006651

44. Kespohl, M, Bredow, C, Klingel, K, Voss, M, Paeschke, A, Zickler, M, et al. Protein Modification With ISG15 Blocks Coxsackievirus Pathology by Antiviral and Metabolic Reprogramming. Sci Adv (2020) 6(11):eaay1109. doi: 10.1126/sciadv.aay1109

45. Hamerman, JA, Hayashi, F, Schroeder, LA, Gygi, SP, Haas, AL, Hampson, L, et al. Serpin 2a is Induced in Activated Macrophages and Conjugates to a Ubiquitin Homolog. J Immunol (2002) 168(5):2415–23. doi: 10.4049/jimmunol.168.5.2415

46. Malakhov, MP, Kim, KI, Malakhova, OA, Jacobs, BS, Borden, EC, and Zhang, DE. High-Throughput Immunoblotting. Ubiquitiin-Like Protein ISG15 Modifies Key Regulators of Signal Transduction. J Biol Chem (2003) 278(19):16608–13. doi: 10.1074/jbc.M208435200

47. Zhao, C, Denison, C, Huibregtse, JM, Gygi, S, and Krug, RM. Human ISG15 Conjugation Targets Both IFN-Induced and Constitutively Expressed Proteins Functioning in Diverse Cellular Pathways. Proc Natl Acad Sci USA (2005) 102(29):10200–5. doi: 10.1073/pnas.0504754102

48. Takeuchi, T, Inoue, S, and Yokosawa, H. Identification and Herc5-Mediated ISGylation of Novel Target Proteins. Biochem Biophys Res Commun (2006) 348(2):473–7. doi: 10.1016/j.bbrc.2006.07.076

49. Wong, JJ, Pung, YF, Sze, NS, and Chin, KC. HERC5 Is an IFN-Induced HECT-Type E3 Protein Ligase That Mediates Type I IFN-Induced ISGylation of Protein Targets. Proc Natl Acad Sci USA (2006) 103(28):10735–40. doi: 10.1073/pnas.0600397103

50. Giannakopoulos, NV, Luo, JK, Papov, V, Zou, W, Lenschow, DJ, Jacobs, BS, et al. Proteomic Identification of Proteins Conjugated to ISG15 in Mouse and Human Cells. Biochem Biophys Res Commun (2005) 336(2):496–506. doi: 10.1016/j.bbrc.2005.08.132

51. Care, MA, Stephenson, SJ, Barnes, NA, Fan, I, Zougman, A, El-Sherbiny, YM, et al. Network Analysis Identifies Proinflammatory Plasma Cell Polarization for Secretion of ISG15 in Human Autoimmunity. J Immunol (2016) 197(4):1447–59. doi: 10.4049/jimmunol.1600624

52. Yan, S, Kumari, M, Xiao, H, Jacobs, C, Kochumon, S, Jedrychowski, M, et al. IRF3 Reduces Adipose Thermogenesis via ISG15-Mediated Reprogramming of Glycolysis. J Clin Invest (2021) 131(7):e144888. doi: 10.1172/JCI144888

53. Peng, Q, Wang, Z, Wu, D, Li, X, Liu, X, Sun, W, et al. Analysis of ISG15-Modified Proteins From A549 Cells in Response to Influenza Virus Infection by Liquid Chromatography-Tandem Mass Spectrometry. Chin J Analytical Chem (2016) 44(6):850–6. doi: 10.1016/S1872-2040(16)60936-2

54. Tang, Y, Zhong, G, Zhu, L, Liu, X, Shan, Y, Feng, H, et al. Herc5 Attenuates Influenza A Virus by Catalyzing ISGylation of Viral NS1 Protein. J Immunol (2010) 184(10):5777–90. doi: 10.4049/jimmunol.0903588

55. Zhao, C, Hsiang, TY, Kuo, RL, and Krug, RM. ISG15 Conjugation System Targets the Viral NS1 Protein in Influenza A Virus-Infected Cells. Proc Natl Acad Sci USA (2010) 107(5):2253–8. doi: 10.1073/pnas.0909144107

56. Zhang, Y, Thery, F, Wu, NC, Luhmann, EK, Dussurget, O, Foecke, M, et al. The In Vivo ISGylome Links ISG15 to Metabolic Pathways and Autophagy Upon Listeria Monocytogenes Infection. Nat Commun (2019) 10(1):5383. doi: 10.1038/s41467-019-13393-x

57. Pinto-Fernandez, A, Salio, M, Partridge, T, Chen, J, Vere, G, Greenwood, H, et al. Deletion of the Deisgylating Enzyme USP18 Enhances Tumour Cell Antigenicity and Radiosensitivity. Br J Cancer (2021) 124(4):817–30. doi: 10.1038/s41416-020-01167-y

58. Zhu, C, Li, J, Tian, C, Qin, M, Wang, Z, Shi, B, et al. Proteomic Analysis of ISGylation in Immortalized Porcine Alveolar Macrophage Cell Lines Induced by Type I Interferon. Vaccines (Basel) (2021) 9(2):164. doi: 10.3390/vaccines9020164

59. Ganesan, M, Poluektova, LY, Tuma, DJ, Kharbanda, KK, and Osna, NA. Acetaldehyde Disrupts Interferon Alpha Signaling in Hepatitis C Virus-Infected Liver Cells by Up-Regulating Usp18. Alcohol Clin Exp Res (2016) 40(11):2329–38. doi: 10.1111/acer.13226

60. Hendriks, IA, and Vertegaal, AC. A Comprehensive Compilation of SUMO Proteomics. Nat Rev Mol Cell Biol (2016) 17(9):581–95. doi: 10.1038/nrm.2016.81

61. Goldmann, T, Zeller, N, Raasch, J, Kierdorf, K, Frenzel, K, Ketscher, L, et al. USP18 Lack in Microglia Causes Destructive Interferonopathy of the Mouse Brain. EMBO J (2015) 34(12):1612–29. doi: 10.15252/embj.201490791

62. Impens, F, Radoshevich, L, Cossart, P, and Ribet, D. Mapping of SUMO Sites and Analysis of SUMOylation Changes Induced by External Stimuli. Proc Natl Acad Sci USA (2014) 111(34):12432–7. doi: 10.1073/pnas.1413825111

63. Tammsalu, T, Matic, I, Jaffray, EG, Ibrahim, AF, Tatham, MH, and Hay, RT. Proteome-Wide Identification of SUMO Modification Sites by Mass Spectrometry. Nat Protoc (2015) 10(9):1374–88. doi: 10.1038/nprot.2015.095

64. Akimov, V, Barrio-Hernandez, I, Hansen, SVF, Hallenborg, P, Pedersen, AK, Bekker-Jensen, DB, et al. UbiSite Approach for Comprehensive Mapping of Lysine and N-Terminal Ubiquitination Sites. Nat Struct Mol Biol (2018) 25(7):631–40. doi: 10.1038/s41594-018-0084-y

65. Hendriks, IA, D'Souza, RC, Chang, JG, Mann, M, and Vertegaal, AC. System-Wide Identification of Wild-Type SUMO-2 Conjugation Sites. Nat Commun (2015) 6:7289. doi: 10.1038/ncomms8289

66. Stes, E, Laga, M, Walton, A, Samyn, N, Timmerman, E, De Smet, I, et al. A COFRADIC Protocol to Study Protein Ubiquitination.  Proteome Res (2014) 13(6):3107–13. doi: 10.1021/pr4012443

67. Udeshi, ND, Mani, DR, Eisenhaure, T, Mertins, P, Jaffe, JD, Clauser, KR, et al. Methods for Quantification of In Vivo Changes in Protein Ubiquitination Following Proteasome and Deubiquitinase Inhibition. Mol Cell Proteomics (2012) 11(5):148–59. doi: 10.1074/mcp.M111.016857

68. Udeshi, ND, Mani, DC, Satpathy, S, Fereshetian, S, Gasser, JA, Svinkina, T, et al. Rapid and Deep-Scale Ubiquitylation Profiling for Biology and Translational Research. Nat Commun (2020) 11(1):359. doi: 10.1038/s41467-019-14175-1




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.


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 © 2021 Thery, Eggermont and Impens. 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/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-720765-g001.jpg
/m‘: \ / ?qw
CEDBED e Fee @D
%\k —

Fvresporsve. 5015300
s Soyston
machney

8 I and extracellr functons of ree SG15.
Tt

Transrpgon

© npn
o

il w,.\ e





OEBPS/Images/fimmu-12-720765-g002.jpg
o T gt

i \

: i
||IIII||||m:uum i 1!l






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Proteomics Mapping of the ISGylation Landscape in Innate Immunity

      

        		

          Introduction

        

          		

            ISG15, a Ubiquitin-Like Protein of the Immune System

          



          		

            MS-Based Approaches to Identify ISG15 Substrates

          



          		

            Proteome-Wide Mapping of ISG15 Modification Sites

          



        



        



        		

          Common Substrates and Future Perspectives

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2021.720765_cover.jpg
, frontiers
in Immunology

Proteomics Mapping of the
ISGylation Landscape in
Innate Immunity





