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 2 

Abstract  24 

Type I interferon (IFN) signalling induces the expression of several hundred IFN-stimulated 25 

genes that provide an unfavourable environment for viral replication. To prevent an 26 

overexuberant response and autoinflammatory disease, IFN signalling requires tight control. 27 

One critical regulator is the ubiquitin-like protein ISG15, evidenced by autoinflammatory 28 

disease in patients with inherited ISG15 deficiencies. Current models suggest that ISG15 29 

stabilises USP18, a well-established negative regulator of IFN signalling. USP18 also functions 30 

as an ISG15-specific peptidase, however its catalytic activity is dispensable for controlling IFN 31 

signalling. Here, we show that the ISG15-dependent stabilisation of USP18 is necessary but 32 

not sufficient for regulation of IFN signalling and that USP18 requires non-covalent 33 

interactions with ISG15 to enhance its regulatory function. Intriguingly, this trait has been 34 

acquired through co-option of a binding mechanism normally reserved for deISGylation, 35 

identifying an unexpected new function for ISG15. 36 

  37 
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Introduction  38 

The interferon (IFN) response plays a critical role in orchestrating protective antiviral 39 

immune responses to combat viral infections (1). Type I IFNs are widely expressed by all 40 

nucleated cells following viral infection (2) and signal through the IFN-α/β receptor (IFNAR), 41 

which consists of subunits IFNAR1 and IFNAR2 (3). Engagement of IFNAR triggers a 42 

phosphorylation cascade involving the reciprocal trans-phosphorylation of Janus kinase 1 43 

(JAK1) and tyrosine kinase 2 (Tyk2) (4) and phosphorylation of the cytoplasmic tails of the 44 

receptor subunits creating a docking site for the recruitment and subsequent phosphorylation 45 

of signal transducer and activator of transcription 1 (STAT1) and STAT2 (5). Once activated, 46 

STAT1/2 heterodimers associate with IFN-regulatory factor 9 (IRF9) to form IFN-stimulated 47 

gene factor 3 (ISGF3), which binds to the IFN-stimulated response element (ISRE) within the 48 

promoters of interferon stimulated genes (ISGs) (1). Several ISGs have been shown to have 49 

specific antiviral activity and/or play a role in regulating the IFN response itself. Although this 50 

is a prompt and powerful defence against pathogens, a dysregulated type I IFN response can 51 

lead to autoinflammatory disease. Therefore, tight regulation of activating and inhibitory 52 

signals is of paramount importance for maintaining the protective host-defence nature of the 53 

response but limiting tissue damage.  54 

ISG15, a ubiquitin-like (UbL) modifier, is synthesised from a precursor that is cleaved 55 

at the C-terminus to yield the mature 15-kDa protein with a C-terminal Leu-Arg-Leu-Arg-Gly-56 

Gly (LRLRGG) tail (6,7). ISG15 exists as a free molecule but can also covalently bind to target 57 

proteins through the formation of an isopeptide bond between its terminal glycine and the 58 

lysine ε-amino group of the target protein (8), a process termed ISGylation (reviewed by 59 

(9,10)). ISGylation is reversible through the action of a deISGylase enzyme, the ubiquitin-60 

specific protease 18 (USP18) (11). Independent to its isopeptidase activity on ISG15  (12,13), 61 

USP18 interacts with STAT2 to facilitate its recruitment to IFNAR2, where it can inhibit 62 

receptor dimerization by interfering with cytoplasmic interactions between IFNAR2 subunits 63 

(14–16).  64 

Several reports now show that inherited ISG15-deficiency in humans causes type I 65 

interferonopathy and autoinflammatory disease (17–19). ISG15-deficient cells exhibited 66 

enhanced and prolonged ISG expression and a concomitant resistance to virus infection 67 

(18,20,21) a phenotype also associated with USP18 deficiency (13,22). Indeed, despite high 68 

levels of USP18 transcription, USP18 protein levels in ISG15-deficient cells are very low 69 
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(18,20,21) and previous reports have shown that intracellular ISG15 is required for rescuing 70 

USP18 from S-phase kinase associated protein 2 (SKP2)-mediated proteasomal degradation 71 

(18,23). 72 

Here, we show that, contrary to existing models, the ISG15-dependent stabilisation of 73 

USP18 is necessary but not sufficient for regulation of type I IFN signalling. Furthermore, 74 

independently of ISG159s ability to stabilise USP18, we show that ISG15 and USP18 must 75 

interact for USP18 to negatively regulate type I IFN signalling. We find that the C-terminal di-76 

Gly moiety of ISG15 is critical for a stable ISG15-USP18 interaction and we unambiguously 77 

demonstrate that abolishing the non-covalent interaction between ISG15 and USP18 results 78 

in phenotypes associated with enhanced IFN-α signalling. Together our data illustrates that a 79 

binding mechanism normally reserved for deISGylation has been co-opted to serve a crucial 80 

role in the fine-tuning of early intracellular immune responses.   81 

 82 

  83 
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Results  84 

 85 

The C-terminal di-Gly motif of ISG15 is important for IFN-α signalling regulation. 86 

In work leading up to this report, we found that reconstituting expression of C-87 

terminal mutants of ISG15, where the terminal di-Gly motif was replaced with di-Ala, in ISG15-88 

deficient cells did not restore the regulation of IFN signalling. To dissect the role of the ISG15 89 

C-terminus, we reconstituted expression of Myc-tagged ISG15, which retained its di-Gly motif 90 

(ISG15.GG), or C-terminal mutants of ISG15, where the di-Gly motif was either replaced by di-91 

Ala (ISG15.AA) or deleted (ISG15.ΔGG), in our phenotypically validated A549-ISG15-/- cell line 92 

(21). To better mimic physiological conditions, reconstituted ISG15 was placed under the 93 

control of the native ISG15 promoter (pr15) (Fig. 1A). IFN-α stimulation induced expression 94 

of Myc-ISG15 to levels similar to endogenous ISG15 in control A549s and, as expected, 95 

ISG15.ΔGG and ISG15.AA did not ISGylate proteins (Fig. 1B). These experimentally tractable 96 

cells are therefore valuable for deciphering the role of ISG15 or other ISGs during the innate 97 

immune response.  98 

We have previously shown that IFN-α treatment of A549-ISG15-/- cells results in 99 

enhanced signalling characterised by elevated phospho-STAT1 levels and an augmented and 100 

prolonged expression of ISGs (21). Here we determined the ability of C-terminal mutants of 101 

ISG15 to regulates signalling. Cells were treated with IFN-α for 30 min, extensively washed, 102 

and re-incubated in media without IFN-α. Cell lysates taken immediately after 30-min 103 

treatment (0 min) and 30 min later (0.5 h) showed high levels of STAT1 phosphorylation in all 104 

tested cell lines (Fig. 1C). Following 24-h treatment with IFN-, there was evident expression 105 

of the ISGs MxA and ISG15, Myc-ISG15 and enhanced expression of STAT1 (Fig. 1C). 106 

Interestingly, although phospho-STAT1 levels had declined in A549 control and ISG15.GG-107 

expressing cells at 24 h after IFN-α treatment, levels were clearly higher in A549-ISG15-/- cells 108 

and the cells expressing ISG15.AA and ISG15.ΔGG, signifying higher levels of IFN-α signalling 109 

in these cells. 110 

To confirm these observations at the level of ISG transcripts, cells were treated with 111 

IFN-α for 24 h or left untreated. As expected, expression of MxA and HERC5 mRNA was 112 

significantly higher in A549-ISG15-/- cells compared to A549 control (2.6- and 3.3-fold 113 

respectively, Fig. 1D). Consistent with the phosho-STAT1 levels, ISG mRNA levels were also 114 

significantly higher in cells expressing the ISG15.AA and ISG15.ΔGG mutants. Intriguingly, this 115 
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demonstrated a gradient pattern of regulation where ISG15.GG-expressing cells regulated 116 

similar to control A549 cells, cells expressing the ISG15.AA mutant were characterised by 117 

higher ISG levels similar levels to A549-ISG15-/- cells, but cells expressing the ISG15.ΔGG 118 

mutant consistently showed a trend towards an intermediate level of regulation. No 119 

significant difference was observed between the ISG15.GG-expressing cells and the control, 120 

suggesting that the level of ISG15 expression in this system is sufficient to regulate IFN 121 

signalling similarly to unmodified control cells (Fig. 1D). Overall, these data show that the C-122 

terminal di-Gly motif is important for the negative regulation of type I IFN signalling. 123 

 124 

Quantitative analysis of global protein abundance shows enhanced IFN-α immune 125 

responses demonstrates the importance of the ISG15 C-terminus for regulation. 126 

Next, we employed a multiplexed proteomic approach tο obtain an unbiased, global 127 

picture of the proteomic changes induced by IFN-α across our cell lines and to begin to tease 128 

out the processes that could underpin interferonopathies. Cells were treated with IFN-α for 129 

24, 48 or 72 h, and whole cell protein abundance measured using 16-plex TMT labelling and 130 

MS3 mass spectrometry (Fig. 2A). In total, 7112 proteins were quantified (full data can be 131 

visualised using the 8Plotter9 in Supplementary File 1). As expected, the abundance of IFN-132 

stimulated proteins, such as ISG20 and IFIT1 was higher in the A549-ISG15-/- and ISG15.AA-133 

expressing cells compared to the A549 control and ISG15.GG-expressing cells (Fig. 2B). To 134 

determine whether this trend was reflected more generally, ISGs were identified by (a) 135 

comparison to the Interferome database, and (b) stringent criteria to identify proteins 136 

upregulated by IFN-α compared to mock treatment in A549 control cells (>1.7-fold increase 137 

in abundance, Fig. 2C). Ninety proteins identified by these criteria as interferon stimulated 138 

were expressed at significantly higher levels by A549-ISG15-/- and ISG15.AA cells compared to 139 

both A549 control and ISG15.GG cells (Fig. 2C). As expected, there was no statistically 140 

significant difference in ISG expression between A549 control and ISG15.GG-expressing cells, 141 

providing further evidence that genetic manipulation did not cause any inadvertent 142 

phenotypic changes to the cells.  143 

To determine whether specific pathways were enriched in the ISG15-/- and ISG15.AA 144 

cells, we used DAVID analysis to examine proteins upregulated >1.7-fold compared to control 145 

A549 cells. As anticipated, effector molecules involved in cellular immune responses, such as 146 

innate immunity and antiviral defence, were enriched in all tested cell lines with several 147 
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overlapping factors in each cluster (Fig. 2D). Although fewer pathways were enriched in 148 

ISG15.GG cells suggesting tighter control than in cells expressing C-terminal mutants, antiviral 149 

defense, immunity and innate immunity pathways were identified suggesting that their 150 

control was not as tightly regulated compared to control A549 cells. This might be because, 151 

despite being inducible by IFN-α, lentivirally-delivered ISG15 transgenes are not in their 152 

authentic genomic loci and therefore expression is affected. Interestingly, components of IFN-153 

γ mediated signalling and antigen processing and presentation pathways were selectively 154 

enriched in A549-ISG15-/- and ISG15.AA-expressing cells, for example transporter associated 155 

with antigen presentation 1 (TAP1) (Fig. 2D-E). One potential explanation is the selective 156 

enrichment in these cells of key regulatory factors induced by primary IFN-γ signalling (24,25), 157 

such as the interferon-regulatory factor 1 (IRF1) whose expression is induced by STAT1 158 

homodimers typical of IFN-γ-induced ISGs with gamma-activated sequences (GAS) in their 159 

promoters and not STAT1-STAT2-IRF9 (ISGF3) complexes that characteristically induce genes 160 

with IFN-stimulated response elements (ISRE) activated by type I IFN signalling (although GAS 161 

genes can be activated upon type I IFN signalling as concentrations of STAT1-homodimers 162 

increase; Fig. 2E). It may be that enrichment with components of IFN-γ signalling derives 163 

through the enhanced levels of active STAT1 (Fig. 1C) and subsequent increased stoichiometry 164 

of STAT1 homodimer complexes in ISG15-/- and ISG15.AA cells, leading to gene expression 165 

through binding to GAS elements in the promoters of ISGs (26). Moreover, cell cycle 166 

components and several factors with nucleotide binding properties were also enriched in cells 167 

with a dysregulated IFN-α signalling response (Fig. 2D). In conclusion, using unbiased 168 

proteomic analyses, we have further confirmed that the C-terminal di-Gly domain of ISG15 is 169 

important for regulation of type I IFN responses. It is also possible that pathways associated 170 

with IFN-γ, which include genes associated with antiproliferative phenotypes and apoptosis, 171 

may underpin the pathogenesis of autoinflammatory diseases associated with loss of type I 172 

IFN signalling control.  173 

 174 

IFN-α-pretreatment leads to viral resistance in cell lines expressing the C-terminal mutants, 175 

ISG15.AA and ISG15.ΔGG. 176 

We and others have previously shown that pre-treatment of ISG15-deficient cells with 177 

IFN-α renders them resistant to viral infection (20,21). Because we have reported that viral 178 

resistance in ISG15-deficient cells is directly related to dysregulated type I IFN signalling  (21), 179 
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this assay serves as an excellent model for investigating the biological implications of ISG15 180 

loss-of-function and the regulatory role of the ISG15 di-Gly motif. Cell lines were primed with 181 

IFN-α for 18 h, then infected with a recombinant parainfluenza virus type 5 (PIV5) expressing 182 

mCherry (rPIV5-mCherry). Because the PIV5 V-protein targets STAT1 for proteasomal 183 

degradation, rPIV5-mCherry can replicate in A549 control cells despite a primed IFN response, 184 

albeit with reduced kinetics (27). By 48 h of infection in A549 control cells, there was a 185 

corresponding increase in PIV5 NP expression, STAT1 was undetectable and MxA expression 186 

was reduced (Fig. 3A). As anticipated, pretreatment with IFN-α rendered A549-ISG15-/- cells 187 

resistant to PIV5 infection, whereas reconstituted expression of ISG15.GG reversed the 188 

phenotype (Fig. 3A,B). Interestingly, like A549-ISG15-/- cells, NP expression was undetectable 189 

at 24 h post-infection in both ISG15.AA and ISG15.ΔGG-expressing cells (Fig. 3A). Although 190 

PIV5 infection recovered to some extent by 48 h, NP expression was still significantly reduced 191 

by 90% and 45% at 48 h p.i. in cells expressing ISG15.AA and ISG15.ΔGG, respectively (Fig. 3B). 192 

Intriguingly, this gradient in viral protein expression inversely correlated with the gradient 193 

observed for ISG expression (Fig. 1D), linking the ability of ISG15 and ISG15 mutants to 194 

regulate the magnitude of the antiviral response with their capacity to support infection. 195 

Moreover, we used fluorescence microscopy to visualise mCherry expression and indicate 196 

rPIV5-mCherry replication. Consistent with NP expression, no mCherry was detected in the 197 

A549-ISG15-/- cells, with low or moderate levels in cells expressing the ISG15.AA and 198 

ISG15.ΔGG mutants, respectively (Fig. 3C). Altogether, these experiments highlight the impact 199 

on viral infection of the C-terminal di-Gly motif of ISG15, via its regulation of IFN signalling.  200 

 201 

The ISG15-dependent stabilisation of USP18 is necessary but not sufficient for the 202 

regulation of IFN signalling.  203 

It has been established that ISG15 is crucial for sustaining the levels of USP18, a key 204 

negative regulator of IFN signalling, by preventing its SKP2-mediated ubiquitination and 205 

proteasomal degradation (18,20,23). Therefore, we reasoned that modifications to the ISG15 206 

C-terminus might have affected its ability to stabilise USP18. To test this, cells were treated 207 

with IFN-α for 24 and 48 h and cell lysates were subjected to immunoblot analysis. 208 

Remarkably, although USP18 expression was dramatically reduced in A549-ISG15-/- cells, its 209 

expression in ISG15.AA and ISG15.ΔGG expressing cells were comparable to levels observed 210 

in ISG15.GG-expressing and control A549 cells (Fig. 4A). The proteomics analysis described in 211 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 3, 2021. ; https://doi.org/10.1101/2021.06.01.446527doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.01.446527
http://creativecommons.org/licenses/by/4.0/


 9 

Fig. 2 provided independent verification that ISG15 expression, independently of its ability to 212 

regulate signalling, was able to stabilise USP18 (Fig. 4B). Taken together, these experiments 213 

clearly show that, although the stabilization of USP18 is crucial, it is not sufficient for the 214 

regulation of type I IFN signalling.  215 

 216 

The C-terminal di-Gly motif of ISG15 is required for the ISG15-USP18 interaction.   217 

Because neither ISGylation (18,21) or ISG15-dependent stabilisation of USP18 are 218 

sufficient for the regulation of type I IFN signalling, the mechanism of ISG15 action with 219 

respect to the IFN pathway is likely to involve a non-covalent protein-protein interaction. The 220 

most likely candidate is USP18, given that during the deISGylation process, USP18 221 

deconjugates ISG15 from target substrates in a process that requires engagement of USP189s 222 

catalytic triad with the C-terminal tail LRLRGG of ISG15 (28,29). We therefore assessed the 223 

ability of endogenous USP18 to interact with ISG15 and its C-terminal mutants in our 224 

reconstituted cell lines. Myc-tagged ISG15 was immunoprecipitated from ISG15-225 

reconstituted cells following a 24-h IFN-α treatment. To verify that ISGylation was not 226 

necessary for the interaction between ISG15 and USP18, we knocked-out UBA7 (E1 enzyme 227 

essential for ISGylation) from our ISG15.GG-expressing cells by CRISPR/Cas9 genome editing 228 

(Fig. 5). Here we show that the ability of ISG15 mutants to bind USP18 mirrored the gradient 229 

pattern of ISG mRNA regulation (Fig. 1D) and corresponding effects on viral infection (Fig. 3). 230 

Reconstituted ISG15.GG efficiently bound USP18; however, the ISG15.AA mutant was unable 231 

to interact with USP18, whereas ISG15.ΔGG did interact but at reduced levels compared to 232 

ISG15.GG (Fig. 5). Notably, USP18 co-immunoprecipitated with ISG15.GG in UBA7-/- cells, 233 

confirming that the ISG15-USP18 interaction is not dependent on ISGylation (Fig. 5). 234 

Furthermore, we noted that all forms of ISG15 stabilised USP18 (see WCL samples, Fig. 5 235 

lower panels), again confirming that ISG15 stabilised USP18 independently of their ability to 236 

regulate signalling and to add to this, stability is not dependent on their interaction. 237 

Collectively, these results indicate that the C-terminal di-Gly motif is important for ISG15-238 

USP18 interaction and that non-covalent binding of ISG15 and USP18 is necessary to facilitate 239 

USP189s inhibition of type I IFN signalling.   240 

 241 

The ISG15-USP18 interaction is important for the tight regulation of IFN-α signalling.  242 
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To independently assess the requirement of the ISG15-USP18 interaction for the 243 

regulation of IFN signalling, we mutated the USP18 isoleucine residue at position 60 244 

(USP18.I60N), which is known to abolish interactions with ISG15 (23). In addition, since 245 

previous studies have shown that the mouse Usp18 (Ubp43) negatively regulates IFN 246 

signalling in the absence of its isopeptidase activity (13), we additionally investigated the 247 

catalytically inactive human mutant USP18.C64S. We first sought to evaluate the impact of 248 

these point-mutations on ISG15-USP18 binding by coimmunoprecipitation (co-IP) (Fig. 6A). 249 

Consistent with previous studies (23), our data demonstrated that the USP18.I60N mutant 250 

was unable to interact with ISG15.GG, whereas the USP18.C64S mutant had stronger binding 251 

affinity for ISG15 compared to wt USP18 (23) (Fig. 6A). 252 

Next, we asked whether the USP18.I60N mutant could still be recruited to the IFNAR2 253 

signalling complex despite its inability to interact with ISG15. Previous studies have shown 254 

that STAT2 recruits USP18 to the IFNAR2 receptor, where it interferes with the cytosolic 255 

interactions between the type I IFN receptor subunits (13,16,30). We co-expressed a V5-256 

tagged version of the IFNAR2 cytosolic domain (aa 265-515) and Myc-tagged STAT2 with Flag-257 

tagged wt USP18, USP18.I60N or USP18.C64S in HEK293T cells and performed co-IP assays 258 

using anti-V5 antibody coupled to protein G Dynabeads (Fig. 6B). As expected, the IFNAR2 259 

cytoplasmic domain interacted with STAT2 and wt USP18 (Fig. 6B). Intriguingly, both mutant 260 

forms of USP18 co-immunoprecipitated with the IFNAR2 receptor subunit (Fig. 6B), 261 

demonstrating that neither the I60N or C64S point mutations disrupted the recruitment of 262 

USP18 to the receptor or the subsequent formation of the USP18-dependent type I IFN 263 

receptor inhibitory complex. 264 

In order to evaluate the functional consequences of these point mutants, we used 265 

CRISPR/Cas9 genome editing to knock-out USP18 gene expression in A549 cells, as described 266 

before (21), followed by lentiviral transduction to reconstitute inducible expression of Flag-267 

tagged wt or mutant forms of USP18 in the A549-USP18-/- cell line (Fig. 6C). To evaluate USP18 268 

expression, A549 NC1-control cells, which express a negative control guide RNA (NC1) that is 269 

nontargeting in humans, A549-USP18-/- and USP18-reconstituted derivatives were treated 270 

with IFN-α for 48 h and cell lysates were subjected to immunoblot analysis (Fig. 6D). 271 

Interestingly, the expression levels of the reconstituted forms of USP18 were higher 272 

compared to NC1 control (Fig. 6D), perhaps because expression of reconstituted USP18 was 273 

driven by the ISG15 promoter, which is strongly IFN-responsive (31), instead of its native 274 
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promoter. Consistent with previous observations (13), knockout of USP18 increased the levels 275 

of ISG15 conjugates, whereas unexpectedly, reconstitution of wt USP18 resulted in a lower 276 

level of ISGylation compared to the NC1 control cells. The expression of USP18.I60N mutant 277 

was higher compared to the expression levels of wt USP18 and USP18.C64S; however, the 278 

accumulation of ISGylated proteins was only marginally increased compared to the cell line 279 

expressing wt USP18 (Fig. 6D). Interestingly, protein expression of ISGs, ISG15 and MxA, 280 

appeared to be elevated in A549-USP18-/- and the USP18.I60N-expressing cells, signifying 281 

higher levels of JAK/STAT signalling (Fig. 6D). As anticipated, expression of the catalytically 282 

inactive mutant USP18.C64S resulted in higher levels of ISGylated proteins compared to the 283 

cell line reconstituted with wt USP18 (Fig. 6D), and, similar to its mouse counterpart 284 

(UBP43.C61S) (13), resulted in lower ISG15 protein expression compared to wt USP18.  These 285 

observations indicate a dysregulation of the IFN response in an isopeptidase-independent 286 

manner (Fig. 6D).   287 

To further evaluate the importance of ISG15-USP18 binding in the regulation of IFN-α 288 

signalling, as described in Fig. 1D, we measured the levels of MxA and HERC5 gene expression 289 

in these cells (Fig. 7A). Remarkably, MxA and HERC5 expression was significantly higher in 290 

USP168.I60N-expressing derivatives compared to NC1 control (averaging around 2.5-fold), 291 

denoting that the lack of ISG15-USP18 interaction in these cells led to a dysregulated IFN 292 

response, a phenotype similar to A549-USP18-/- cells (Fig. 7A). Notably, ISG expression levels 293 

in cells expressing the USP18.C64S mutant were consistently lower than, but not significantly 294 

different to, NC1 control cells.  295 

We predicted that the elevated expression of ISGs in USP18.I60N-expressing cells 296 

would engender resistance to infection. Using the assay described in Fig. 3, we observed that 297 

IFN-α-pretreated USP18.I60N-expressing cells were largely resistant to infection, as similar to 298 

A549-USP18-/- cells, expression of PIV5 NP was barely detectable (Fig. 7B). Quantitative 299 

analysis of NP expression levels showed that viral replication was reduced more than 95% in 300 

IFN-α-pretreated A549-USP18-/- and USP18.I60N-expressing cells, whereas the levels of viral 301 

infection in cell lines expressing the wt and the catalytically inactive mutant USP18.C64S were 302 

similar to NC1 control, confirming regulation in these cells (Fig. 7C). mCherry expression levels 303 

further verified that IFN-α-pretreatment constrained virus replication in A549-USP18-/- and 304 

USP18.I60N-expressing cells (Fig. 7D). Altogether, these experiments demonstrate that 305 

disruption of the ISG15-USP18 interaction enhances IFN-mediated signalling, suggesting that 306 
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ISG15 plays a crucial role in the negative regulation of IFN signalling beyond its indirect 307 

function as a USP18 stabiliser.   308 

 309 

The ISG15-USP18 interaction is important for the IFN-α-induced desensitization of IFN-α 310 

signalling. 311 

 Previous studies have shown that USP18 is crucial for the IFN-α-induced 312 

desensitization of IFN-α signalling by disrupting the recruitment of IFNAR1 into the ternary 313 

IFN-α-IFNAR1-IFNAR2 complex, decreasing the activation of signalling (15,16,30,32). To test 314 

whether the ISG15-USP18 interaction is important for this USP18-dependent negative 315 

regulation of IFN receptor plasticity, we established a desensitization assay based on previous 316 

reports (15), where A549 NC1-control cells, A549-USP18-/- and USP18-reconstituted 317 

derivatives were primed with IFN-α for 8 h or left untreated, washed extensively and then 318 

maintained in medium without IFN for 16 h. During the prime-rest phase, USP18 is expressed 319 

and prevents further signalling activation following additional stimulation. Following the 16-320 

h resting period, cells were stimulated with IFN-α for 30 min and cell lysates were subjected 321 

to immunoblotting to assess phosho-STAT1 expression, which is indicative of early activation 322 

of IFN signalling (Fig. 8A). As expected, priming with IFN-α decreased the responsiveness of 323 

NC1-control cells to subsequent IFN stimulation as similar levels of phosho-STAT1 were 324 

detected in primed and non-primed control cells. A similar phenotype was observed in A549-325 

USP18-/- cells reconstituted with wt USP18 or the catalytically inactive mutant USP18.C64S, 326 

indicating that the sensitivity of these cells to IFN-α was downregulated following priming 327 

with IFN-α (Fig. 8A). Consistent with previous reports (15), A549-USP18-/- cells were not 328 

desensitized to IFN-α resulting to 3.8-fold increase in STAT1 phosphorylation when primed 329 

with IFN-α compared to the non-primed control (Fig. 8B). Remarkably, cells expressing the 330 

USP18.I60N mutant retained their responsiveness toward IFN-α similar to A549-USP18-/- cells 331 

(Fig. 8A). Specifically, STAT1 phosphorylation in USP18.I60N-expressing cells showed 3.2-fold 332 

increase following IFN-α priming compared to the non-primed control (Fig. 8B). Overall, our 333 

data strongly suggest that the ISG15-USP18 interaction is important for the USP18-dependent 334 

regulation ternary IFNAR complexes. 335 

  336 
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Discussion 337 

The negative regulation of the type I IFN system is controlled at multiple levels by a 338 

variety of mechanisms, involving sequestration of effector molecules and post-translational 339 

modifications, such as ubiquitination or dephosphorylation (reviewed by Arimoto et al (33)). 340 

Humans with ISG15-deficiency display abnormally strong type I IFN immunity highlighting the 341 

emerging role of ISG15 as a central regulator of immunity (17,18,21,23). Current models 342 

suggest that ISG15 antagonizes the SKP2-mediated ubiquitination and degradation of USP18, 343 

promoting its functions (18,20,23). We extend these findings and show that the ISG15-344 

dependent stabilisation of USP18 is necessary but not sufficient to regulate IFN-I signalling 345 

and that non-covalent binding of ISG15 and USP18 is also necessary to facilitate USP189s 346 

inhibitory function (Fig. 9). Intriguingly, this is achieved through co-option of a binding 347 

mechanism normally reserved for deISGylation and identifies an unanticipated new function 348 

for the UbL ISG15. 349 

It is well known that the conserved C-terminal di-Gly motif of ISG15 is essential for 350 

ISGylation (34,35); therefore, the ISGylation-deficient mutants, ISG15.AA and ISG15.ΔGG,  351 

have been extensively used for exploring the functional consequences of ISGylation. Here, we 352 

have reported that the ISG15 C-terminal mutants display different propensities for binding 353 

USP18 but, despite this, both mutants stabilize USP18 to levels comparable to wt ISG15 (Fig. 354 

4). Although not having been previously assessed in the context of an IFN response, this is 355 

consistent with previous reports showing that ISG15 can abrogate the USP18-SKP2 complex 356 

and rescue USP18 from proteasomal degradation independent of its ability to bind USP18 357 

(23). Importantly, our work strongly suggests that ISG15-USP18 binding is required for USP18-358 

dependent regulation of the type I IFN response as the level of binding to USP18 faithfully 359 

reflected the level of IFN-α signalling regulation and the permissiveness of cells to viral 360 

infection. We independently confirmed the importance of a ISG15-USP18 interaction as 361 

expression of mutant USP18 unable to bind ISG15 (USP18-I60N) could not regulate type I IFN 362 

signalling even though it could interact with the IFNAR2 signalling complex (Fig. 6). In line with 363 

findings using mouse Usp18 (12,13), the protease activity of human USP18 remains 364 

dispensable for signalling regulation in humans.  365 

Previous studies have shown that USP18 desensitises type I IFN signalling (14–16). 366 

Specifically, STAT2 recruits USP18 to the IFNAR2, where it interferes with the cytosolic 367 

interactions between receptor subunits, impeding the recruitment of IFNAR1 into the ternary 368 
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complex (14,16). Remarkably, we demonstrate here that the non-covalent binding of ISG15 369 

and USP18 is required for the USP18-dependent negative regulation of IFNAR dimerization 370 

(Fig. 8). Consistent with previous reports (14), our data show that ISG15 appears dispensable 371 

for the interaction of USP18 IFNAR2; therefore, we hypothesize that the ISG159s contribution 372 

may be essential for further stabilizing the USP18-inhibitory complex, or for recruiting further 373 

not yet identified interaction partners of USP18 or perhaps promoting a conformational 374 

change in USP18 necessary for its inhibitory activity.  375 

Structural studies have shown that the ISG15-bound USP18 adopts a different 376 

structural confirmation, where the 8switching loop9 in the thumb domain of USP18 acquires 377 

an active conformation, enabling access of the LRLRGG C-terminal tail of ISG15 into the 378 

catalytic cleft (28,29). Here, we showed that replacing the C-terminal di-Gly of ISG15 with di-379 

Ala completely abolishes ISG15-USP18 interaction (Fig. 5). Although this amino acid 380 

substitution is considered subtle, it is possible that the two extra methyl groups present in 381 

the di-Ala motif are not accessible to the tight catalytic cleft of USP18, abolishing the 382 

interaction with the ISG15.AA mutant. This may also explain why the ISG15.ΔGG mutant, 383 

which retains the LRLR peptide of the C-terminal tail, interacted to a greater extent with 384 

USP18 compared to ISG15.AA. Moreover, in line with previous findings (23), we showed that 385 

the USP18.I60N mutant was unable to bind ISG15 (Fig. 6A). Interestingly, Ile residue 60 does 386 

not belong to the ISG15-binding boxes (28) but its proximity to the catalytic cysteine (C64) 387 

may affect the conformational dynamics of the catalytic cleft, diminishing the interaction with 388 

ISG15. Consistent with previous reports (23), we have observed that the catalytically inactive 389 

mutant (USP18.C64S) has stronger binding affinity for ISG15, compared to wt USP18, and 390 

there is a consistent pattern of stronger negative regulation (lower ISG expression, increased 391 

desensitization to IFN-α) in cells expressing this mutant, supporting our observation that the 392 

level of binding of ISG15 toward USP18 determines the level of IFN-α signalling regulation. 393 

Hence, it is possible that the binding of ISG15 locks USP18 into a more stable structural 394 

confirmation that may serve its regulatory functions at the level of IFNAR assembly. A caveat 395 

to this model is that Isg15 is dispensable for Usp18-mediated regulation of type I IFN signalling 396 

in mice (20).    397 

That Isg15 does not stabilise Usp18 in mice (20), illustrates interesting interspecies 398 

variation with regard to ISG15 function. Unlike the highly conserved ubiquitin (36), ISG15 399 

possesses remarkable sequence variation between species, with sequence identity around 400 
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70% between human and mouse genes, suggesting that the different biochemical properties 401 

of ISG15 between species may be key determinants of ISG159s species-specific functions 402 

(37,38). Indeed, it has been shown that human ISG15 associates with higher affinity to USP18 403 

compared to its mouse counterpart (20), which in agreement with our findings, suggests that 404 

gain-of-function mutations in ISG15 and/or USP18 that facilitate stronger ISG15-USP18 405 

interactions have been evolutionary selected in humans. Why this trait is apparent in humans 406 

and not mice is of interest and may suggest that an additional, yet-to-be identified factor is 407 

taking the place of ISG15 in mice, or that humans may require a different level of IFN-408 

regulatory control.  409 

Intriguingly, our proteomics profiling and pathway analyses highlighted the 410 

enrichment of components involved in IFN-γ signalling in A549-ISG15-/- and ISG15.AA-411 

expressing cells (Fig. 2). This may be due to the accumulation of STAT1 homodimers as a by-412 

product of enhanced type I immunity, leading to enrichment of GAS-containing genes 413 

(24,25,39), such as IRF1 and MHC Class I proteins in these cells. IRF1 transcription factor itself 414 

is involved in the regulation of genes implicated in antiproliferative (40) and antigen 415 

processing pathways (41–43). These findings support our previous work that demonstrates 416 

that ISG15 deficiency leads to translational regression following IFN-α treatment (21) and 417 

further suggest that intervention strategies that target the ISG15-USP18 interaction may be 418 

of therapeutic use in anticancer therapy.  419 

In conclusion, we have demonstrated that intracellular ISG15 is essential to negatively 420 

regulate IFN-α responses via its non-covalent interaction with USP18, thereby averting 421 

autoinflammatory consequences of uncontrolled type I IFN signalling. This hitherto human-422 

specific trait has been acquired through co-option of a binding mechanism normally reserved 423 

for the process of deISGylation. Further investigation is needed to decipher the biophysical 424 

properties of the USP18-mediated inhibitory complex at the level of IFNAR assembly and 425 

resolve how the binding of ISG15 to USP18 facilitates those interactions. 426 

 427 

 428 

 429 

 430 

  431 
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Methods 432 

Cells  433 

HEK293T (human embryonic kidney cell), A549 cells (human adenocarcinoma alveolar 434 

basal epithelial cells), and derivatives, were were grown as monolayers in Dulbecco9s 435 

modified Eagles9s medium (DMEM; Sigma) supplemented with 10% (v/v) foetal bovine serum 436 

(FBS, Biowest) and incubated in 5% (v/v) CO2 at 37°C in a humidified incubator.A549-ISG15-/- 437 

cells (clone B8) were generated as previously described using CRISPR/Cas9n system; 438 

transfectants were enriched by treating cells with puromycin (1 μg/ml) for 2 days, then single-439 

cell cloned and successful knockout cells were validated by immunoblot analysis (21). 440 

Lentiviral technology was used to reconstitute expression of wt ISG15.GG (NCBI Ref Seq, 441 

NM_005101.3) or C-terminal mutants, ISG15.AA and ISG15.ΔGG in A549-ISG15-/- to generate 442 

the following derivative cell lines; A549-ISG15-/-:prI5-GG, A549-ISG15-/-:prI5-AA, A549-ISG15-443 

/-:prI5-ΔGG, respectively. Expression of wt and C-terminal mutant forms of ISG15 was driven 444 

by the native ISG15 promoter (pr15) (NCBI Ref seq, NG_033033.2) cloned using our lentiviral 445 

vector. An internal ribosome entry site (ISRE) downstream the ISG15 gene allows expression 446 

of puromycin resistance (pac) gene following induction of pr15. Hence, for puromycin 447 

selections, cells were primed with 1000 IU/ml IFN-α for 4 h prior treatment with puromycin 448 

(1 μg/ml) for 2 days. To generate the A549-ISG15-/-:UBA7-/-:pr15-GG cell line, A549-ISG15-/-449 

:pr15-GG cells were further modified to stably express Streptococcus pyogenes Cas9 and then 450 

transduced with UBA7 sgRNA-expressing lentiGuide-Puro (sgRNA sequences; sense: 451 

caccGCACACGGGTGACATCACTG; antisense: aaacCAGTGATGTCACCCGTGTGC) as described 452 

previously (21). For generating A549-USP18-/- cell lines, A549 cells were modified to stably 453 

express Streptococcus pyogenes Cas9 and then transduced with USP18 sgRNA-expressing 454 

lentiGuide-Puro (sgRNA sequences; sense: caccgGGGGCCGCACTGCTTTCTGC; antisense: 455 

aaacGCAGAAAGCAGTGCGGCCCCc). Blasticidin/puromycin-resistant A549-USP18-/- cells were 456 

single-cell cloned in 96-well plates and successful knockout cells were validated by 457 

immunoblot analysis. Lentiviral technology using our pr15 lentiviral vector was used to 458 

reconstitute expression of wt USP18 (NCBI Ref seq NM_017414.4) or the point mutants 459 

USP18.I60N and USP18.C64S (generated by site-directed mutagenesis) in A549-USP18-/- to 460 

generate the A549-USP18-/-:prI5-USP18.wt, A549-USP18-/-:prI5-USP18.I60N and A549-USP18-461 

/-:prI5-USP18.C64S, respectively. All lentiviruses used in this study were generated  in 462 
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HEK293T cells using a previously described self-inactivating lentiviral constitutive expression 463 

system (44).  464 

 465 

Reverse transcription quantitative PCR 466 

To measure ISG expression levels, cells were treated with 1000 IU/ml IFN-α for 18 h and 467 

intracellular total RNA was isolated with TRIZOL (ThermoFisher Scientific) and Direct-zol RNA 468 

Miniprep Plus kits (Zymo Research), including removal of contaminating DNA following DNase 469 

I treatment, following the manufacturer9s instructions. A total of 500 ng of RNA was reverse 470 

transcribed using LunaScript reverse transcriptase (New England Biolabs) according to the 471 

manufacturer9s recommendations. Quantitative PCRs (qPCRs) were performed with PerfeCTa 472 

SYBR green SuperMix (Quanta BioScience) using fast two-step cycling performed in a 473 

Mx3005P real time PCR machine (Stratagene) and included an initial 2 min enzyme activation 474 

step at 95°C, followed by 40 cycles of 5 s at 95°C and 20 s at 60°C. Melting curve analysis was 475 

performed to verify amplicon specificity. For each assay, quantification of β-ACTIN mRNA was 476 

used to normalize between samples and the average cycle threshold (CT) was determined 477 

from three independent cDNA samples from independent cultures (technical replicates). Fold 478 

changes were determined from three independent assays performed at different times 479 

(biological replicates). Relative expression compared to non-treated control cells was 480 

calculated using the ΔΔCT method. Primer sequences were: MxA 481 

59GCCTGCTGACATTGGGTATAA and 59CCCTGAAATATGGGTGGTTCTC, HERC5 482 

59GACGAACTCTTGCACCGTCTC and 59GCGTCCACAGTCATTTTCCAC, β-ACTIN 483 

59AGCGAGCATCCCCCAAAGTT and 59AGGGCACGAAGGCTCATCATT. 484 

 485 

Viral infections and IFN treatment  486 

Recombinant mCherry-expressing parainfluenza virus type 5 (rPIV5-mCherry) 487 

(provided by Professor Biao He, University of Georgia) (45) stocks were prepared by 488 

inoculating Vero cells at a multiplicity of infection (MOI) of 0.001 with continual rocking at 489 

37°C. Supernatants were harvested at 2 d p.i., clarified by centrifugation at 3,000 x g for 15 490 

min, aliquoted and snap frozen. Titres were estimated by standard plaque assay on Vero cells 491 

in 6-well plates.  492 

For virus resistance assays, cell monolayers at 70-80% confluency were infected in 6-493 

well plates with virus diluted in 1 ml media supplemented with 2% (v/v) FBS to achieve an 494 
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MOI of 10. Virus adsorption was for 1 h with continual rocking at 37°C, after which 1 ml of 495 

media supplemented with 2% (v/v) FBS was added to the viral inoculum and incubated in 5% 496 

(v/v) CO2 at 37°C until harvested. When cells were treated with IFN-α prior to infection (pre-497 

treated) this was done with 1000 IU/ml IFN-α2b (referred to as IFN-α from here on; IntronA, 498 

Merck Sharp & Dohme Ltd). IFN-α remained on cells for the duration of experiments. Cells 499 

were either processed for immunoblot analysis or observed with fluorescence microscopy 500 

using EVOS M5000 Imaging System (pictures taken at 10X magnification).  501 

 502 

Immunoblotting 503 

Confluent monolayers in 6-well dishes were lysed with 250 µl 2 x Laemmli sample 504 

buffer (4% w/v SDS, 20% v/v glycerol, 0.004% w/v bromophenol blue and 0.125 M Tris-HCl, 505 

pH 6.8 with 10% v/v β-mercaptoethanol) for 10 min, incubated at 95°C for 10 min, sonicated 506 

at 4°C with 3 cycles of 30 s on 30 s off in a Bioruptor Pico (Diagenode) and clarified by 507 

centrifugation at 12,000 x g, 4°C for 10 min. SDS-PAGE in Tris-glycine-SDS running buffer and 508 

immunoblotting followed standard techniques using the following antibodies: mouse 509 

monoclonal anti-ISG15 F-9 (Santa Cruz Biotechnology Cat# sc166755), rabbit polyclonal anti-510 

ISG15 H-150 (Santa Cruz Biotechnology Cat# sc50366), rabbit polyclonal anti-MxA 511 

(Proteintech Cat# 13750-1-AP), mouse monoclonal anti-UBA7 (anti-UBE1L B-7; Santa Cruz 512 

Biotechnology Cat# sc-390097), rabbit anti-USP18 (Cell Signalling Technology Cat# 4813S), 513 

mouse monoclonal anti-total STAT1 (N-terminus; BD Transduction Laboratories™ Cat# 514 

610116), rabbit monoclonal anti-phosphorylated STAT1 (anti-phospho-STAT1 (Tyr701); Cell 515 

Signalling Technology Cat# 9167), mouse monoclonal anti-PIV5 NP 125 (46), mouse anti-V5 516 

tag Pk 336 (46), antibody mouse monoclonal anti-β-actin (Sigma Cat# A2066). For quantitative 517 

immunoblots primary antibody-probed membranes were incubated with IRDye secondary 518 

antibodies (LiCOR) and signals detected using an Odyssey CLx scanner. Data were processed 519 

and analysed using Image Studio software (LiCOR). 520 

 521 

Immunoprecipitation 522 

Prior immunoprecipitation, HEK293T cells were transiently transfected to express the 523 

proteins of interest using calcium-phosphate coprecipitation transfections. One day prior to 524 

transfection, HEK293T cells were seeded in 6-well plates such that they are logarithmically 525 

growing on the day of transfection (i.e., 50-60% confluent). A total of 200 μl calcium-526 
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phosphate precipitate was prepared for each well by mixing each plasmid DNA (diluted in 527 

total 90 μl in dΗ2Ο) with 10 μl of 2.5M CaCl2 solution.  DNA/CaCl2 solutions were added 528 

dropwise into 100 μl of 2× HEPES-buffered saline (HeBS) (50 mM HEPES, 0.28 M NaCl, 10 mM 529 

KCl, 1.5 mM Na2HPO4, 12 mM D-glucose, pH 7.05) and incubated for 20 min at room 530 

temperature (RT). Chloroquine diphosphate solution was added to cell culture media to 25 531 

µM final concentration and calcium phosphate precipitate was added dropwise onto plate 532 

and mixed gently. At 16 h after transfection, the calcium phosphate precipitate was removed, 533 

and cells were incubated for further 24 h before subjected to co-immunoprecipitation (co-IP) 534 

assays. The following vectors were used for co-IP assays: pLHCX-STAT2-Myc (kind gift from Dr 535 

Michael Nevels, St Andrews University), pcDNA3.1-USP18.wt-3XFlag, pcDNA3.1-USP18.I60N-536 

3XFlag, pcDNA3.1-USP18.C64S-3XFlag, pcDNA3.1.ISG15.GG and pcDNA3.1-IFNAR2.CTD-V5, 537 

which expresses the cytoplasmic C-terminal domain (CTD) of IFNAR2.  538 

For co-IP assays, confluent monolayers of IFN-treated A549 derivatives grown in T150 539 

cm2 flasks or plasmid-transfected HEK293T cell cultures grown in 6-well plates were harvested 540 

in phosphate-buffered saline (PBS), pelleted by centrifugation (300 × g, 5 min, 4°C) and 541 

resuspended in 1 ml co-IP lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.1% [v/v] Triton-X) 542 

supplemented with 1x cOmpleteTM protease inhibitor cocktail (Merck). The supernatant was 543 

separated by centrifugation (12,000 x g, 10 min, 4°C) and incubated overnight at 4°C with 544 

gentle rotation with 40 μl Pierce Anti-c-Myc Magnetic Beads (ThermoFisher Scientific Cat# 545 

88842) or anti-Flag M2 Magnetic Beads (Merck Cat# M8823) or anti-V5 tag antibody coupled 546 

with Protein G DynabeadsTM (Invitrogen) by following manufacturer9s instructions. Complexes 547 

were washed three times with co-IP wash buffer (1X TBS; 50 mM Tris pH 7.5, 150 mM NaCl), 548 

incubated in 50 μl 1X NuPage LDS sample buffer (ThermoFisher Scientific) for 20 min at RT 549 

and then, further incubated for 10 min at 70°C. Beads were magnetically separated and 10% 550 

(v/v) of β-mercaptoethanol was added in the eluted supernatant containing target antigens. 551 

Immunoprecipitates were subjected to SDS-PAGE and immunoblotting.  552 

 553 

Desensitization assay.  554 

Cells grown to 70-80% confluency in 6-well plates were primed with 2000 IU/ml IFN-555 

α (equivalent to 20 ng/ml) for 8 h or left untreated. Following priming, cells were washed four 556 

times with PBS and maintained in medium without IFN for 16 h (resting period) and then 557 
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stimulated with 2000 IU/ml IFN-α for 30 min. Cell lysates were subjected to SDS-PAGE and 558 

immunoblotting.  559 

 560 

Tandem mass tags (TMT)-based quantitative proteomics 561 

Tandem mass tags (TMT)-based proteomics was used to quantify differences in 562 

protein abundance following IFN-α treatment in A549 control cells, A549-ISG15-/- and the 563 

A549-ISG15-/-:prI5-AA and A549-ISG15-/-:prI5-GG derivatives. Cells grown to 60-70% 564 

confluency in T25 flasks were treated with 1000 IU/ml IFN-α for 24, 48 and 72 h or left 565 

untreated for 72h. Whole cell lysate protein digestion was performed as described before 566 

(47) for each time point. For lysis, cells were washed twice with PBS, and 250 ml lysis buffer 567 

added (6 M Guanidine/50 mM HEPES pH 8.5). Cells were scraped in lysis buffer, vortexed 568 

extensively and then sonicated. Cell debris was removed by centrifuging at 21,000 g for 10 569 

min, twice. For the Dithiothreitol (DTT) was added to a final concentration of 5 mM and 570 

samples were incubated for 20 min. Cysteines were alkylated with 14 mM iodoacetamide and 571 

incubated 20 min at room temperature in the dark. Excess iodoacetamide was quenched with 572 

DTT for 15 min. Samples were diluted with 200 mM HEPES pH 8.5 to 1.5 M Guanidine followed 573 

by digestion at room temperature for 3 h with LysC protease at a 1:100 protease-to-protein 574 

ratio. Samples were further diluted with 200 mM HEPES pH 8.5 to 0.5 M Guanidine. Trypsin 575 

was then added at a 1:100 protease-to-protein ratio followed by overnight incubation at 37°C. 576 

The reaction was quenched with 5% formic acid, then centrifuged at 21,000 g for 10 min to 577 

remove undigested protein. Peptides were subjected to C18 solid-phase extraction (SPE, Sep-578 

Pak, Waters) and vacuum-centrifuged to near-dryness.  579 

Samples were prepared for TMT labelling as previously described (47). Desalted 580 

peptides were dissolved in 200 mM HEPES pH 8.5 and 25 mg of peptide labelled with TMT 581 

reagent. TMT reagents (0.8 mg) were dissolved in 43 ml anhydrous aceto- nitrile and 3 ml 582 

added to peptide at a final acetonitrile concentration of 30% (v/v). Following incubation at 583 

room temperature for 1 h, the reaction was quenched with hydroxylamine to a final 584 

concentration of 0.3% (v/v). Sample labelling was performed using 16-plex labelling reagent 585 

(ThermoFisher ScientificTM CAT# A44520) and TMT-labelled samples were combined at a 586 

1:1:1:1:1:1:1:1:1:1:1:1:1:1:1:1 ratio. Samples were vacuum-centrifuged to near dryness and 587 

subjected to C18 SPE (Sep-Pak, Waters). An unfractionated single shot was analysed initially 588 

to ensure similar peptide loading across each TMT channel, thus avoiding the need for 589 
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excessive electronic normalization. As all normalisation factors were >0.5 and <2, data for 590 

each singleshot experiment was analysed with data for the corresponding fractions to 591 

increase the overall number of peptides quantified.  592 

TMT-labelled tryptic peptides were subjected to pH reversed-phase (HpRP) 593 

fractionation using an Ultimate 3000 RSLC UHPLC system (Thermo Fisher Scientific) equipped 594 

with a 2.1 mm internal diameter (ID) x 25 cm long, 1.7 mm particle Kinetix Evo C18 column 595 

(Phenomenex). Mass spectrometry data was acquired using an Orbitrap Lumos and an 596 

ultimate 3000 RSLC nano UHPLC equipped with a 300 mm ID x 5 mm Acclaim PepMap m-597 

Precolumn (Thermo Fisher Scientific) and a 75 mm ID x 50 cm 2.1 mm particle Acclaim 598 

PepMap RSLC analytical column was used as described before (47). 599 

 600 

Data analysis of MS spectra   601 

For MS3-based TMT, as previously described (47), TMT tags on lysine residues and 602 

peptide N termini (229.162932 Da) and carbamidomethylation of cysteine residues (57.02146 603 

Da) were included as static modifications. Proteins were quantified by summing TMT reporter 604 

ion counts across all matching peptide-spectral matches using 9MassPike9, as described 605 

previously (48). Briefly, a 0.003 Th window around the theoretical m/z of each reporter ion 606 

(126, 127 n, 128 n) was scanned for ions, and the maximum intensity nearest to the the- 607 

oretical m/z was used. An isolation specificity filter with a cutoff of 50% was employed to 608 

minimise peptide co-isolation (48). Peptide-spectral matches with poor quality MS3 spectra 609 

(more than 3 TMT channels missing and/or a combined S:N ratio of less than 100 across all 610 

TMT reporter ions) or no MS3 spectra at all were excluded from quantitation. Peptides 611 

meeting the stated criteria for reliable quantitation were then summed by parent protein, in 612 

effect weighting the contributions of individual peptides to the total protein signal based on 613 

their individual TMT reporter ion yields. Protein quantitation values were exported for further 614 

analysis in Excel.  615 

For protein quantitation, reverse and contaminant proteins were removed, then each 616 

reporter ion channel was summed across all quantified proteins and normalised assuming 617 

equal protein loading across all channels. Protein hits quantified by a single peptide were 618 

removed from the dataset. The expression profile of each protein was observed after 619 

comparing protein abundance to the condition (cell line/time point) with the highest MS 620 
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intensity score (set to 1) and normalised values were plotted against each time point for each 621 

cell line (see Plotter in Supplementary File 1) 622 

 623 

Pathway Analysis 624 

To identify individual ISGs from our dataset, a list of 7112 gene symbols were searched 625 

in 8Interferome v2.019 (http://interferome.its.monash.edu.au/interferome/home.jspx) (49). 626 

The Interferome analysis was conducted on fold change values, which were calculated by 627 

dividing the MS intensity score of each identified protein at a given time point post IFN 628 

treatment (24, 48, 72 h) by the MS intensity score of the untreated control for each cell line. 629 

A protein hit was considered to be an ISG if it was upregulated at least 1.7-fold in A549 control 630 

cells following IFN-α treatment.  631 

The Database for Annotation, Visualization and Integrated Discovery (DAVID) version 632 

6.8 (https://david.ncifcrf.gov) was used to stringently identify cell line-specific enriched 633 

pathways. An 8enrichment ratio9 for each protein was obtained for each time point as follows 634 

(MIS is MS intensity score): 635 �Ā�ÿ�/ÿ�Ā� ���ÿā = (ĀÿĀā ýÿ��Ā ý�ÿ ��þ� āÿÿ�āÿþĀÿĀā ýÿ��Ā ý�ÿ Ăÿāÿÿ�āÿþ ) /  (�ĀÿāÿĀ� ýÿ��Ā ý�ÿ ��þ� āÿÿ�āÿþ�ĀÿāÿĀ� ýÿ��Ā ý�ÿ Ăÿāÿÿ�āÿþ )  636 

Protein hits upregulated at least 1.7-fold following enrichment were submitted using the 637 

UniProt accession number and default medium classification stringency. Clusters were 638 

considered significant if the Benjamini-Hochberg adjusted p-value was <0.05.  639 

In the interest of simplicity, here we present the bioinformatic analyses only for the 640 

48-h time point, which best represents the phenotypes observed in this experiment. 641 

 642 

Data availability  643 

The mass spectrometry proteomics data have been deposited to the 644 

ProteomeXchange Consortium (http://www.proteomexchange.org) via the PRIDE (50) 645 

partner repository with the dataset identifier (Accession # here). 646 

 647 

Figures 648 

 Figures 1A, 2A, 6C and 9 were created with Biorender.com. 649 

 650 
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 799 

Figure 1. Functional characterisation of A549-ISG15-/- cell lines reconstituted with the C-terminal 800 

ISG15 mutants, ISG15.AA and ISG15.ΔGG, or wild type ISG15, ISG15.GG. (A) Schematic presentation 801 

of the lentiviral technology used to reconstitute ISG15 expression in A549-ISG15-/- using an inducible 802 

system where expression of ISG15 is under the control of its native promoter (pr15). The induction of 803 

pr15 is regulated by transcription factors physiologically upregulated by innate immune responses 804 

(e.g., IRF3 and ISGF3) or cell-cycle regulators (e.g. p53) (B) Immunoblot analysis of ISG15 expression 805 

induced by IFN-α treatment. A549 (CNTL), ISG15-/- and ISG15.AA-, ΔGG-, GG-expressing derivatives 806 

were treated with 1000 IU/ml IFN-α for 24 and 48 h or left untreated. Whole cell extracts were 807 

prepared and ISG15, MxA and β-actin proteins were analysed by immunoblot. (C) A549 (CNTL), 1SG15-808 

/- and ISG15.AA-, ΔGG-, GG-expressing derivatives were treated with 1000 IU/ml IFN-α for 30 min, then 809 

extensively washed and media without IFN replaced. Cells were harvested at 0 and 30 min and 24 h 810 

after IFN- removal and phopho-STAT1, total STAT1, MxA, ISG15 and β-actin were detected by 811 

immunoblot. Data in lanes 1 – 6 have previously been reported (21) (D) A549 (CNTL), ISG15-/- and 812 

ISG15.AA-, ΔGG-, GG-expressing derivatives were treated with 1000 IU/ml IFN-α for 24 h. Expression 813 

of ISGs was tested using reverse transcription quantitative PCR (RT-qPCR) with primers specific for 814 

MxA and HERC5. Relative expression was determined following SYBR Green quantitative PCR (qPCR) 815 

using ΔΔCt method. β-Actin expression was used to normalize between samples. Data are presented 816 

as a mean fold increase relative to IFN-α-treated A549 control cells (set to 1). Error bars represent the 817 

SD of the mean from three independent experiments performed on different occasions. Each 818 

experiment additionally included three technical replicates. Statistical significance was assessed using 819 

two-way ANOVA and Tukey multiple comparisons test; *, p < 0.05, **, p < 0.01, ***, p < 0.001, ****, 820 

p < 0.0001, n.s., no statistical significance.  821 
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 822 

 823 

Figure 2. Quantitative temporal analysis of proteomes from IFN-α-treated ISG15-/- and reconstituted 824 

cells (A) Schematic presentation of the experimental workflow. (B) Abundance of representative 825 

examples of well-known ISGs over time after IFN- simulation, normalised to a maximum of 1 for each 826 

protein. (C) Comparative quantitative analysis of ISG expression in A549 (CNTL), A549-ISG15-/- and 827 

ISG15.AA- or ISG15.GG-expressing cells. ISGs were defined by (a) correspondence with the 828 

Interferome database and (b) >1.7-fold increase in abundance in IFN-a stimulated compared to 829 

unstimulated A549 control cells. Statistical significance was assessed using one-way ANOVA and Tukey 830 

multiple comparisons test; ***, p < 0.001, ****, p < 0.0001, n.s., no statistical significance. (D) 831 

Pathway analysis using DAVID software. Proteins >1.7-fold upregulated following IFN-α treatment in 832 

each cell type compared to A549 control cells were searched using DAVID software using the default 833 

medium classification stringency. Benjamini-Hochberg adjusted p-values are shown. (E) Expression 834 

profiles of representative examples of well-characterised factors with roles in IFN-γ signalling and 835 

antigen processing and presentation pathways. Protein abundance was calculated as described in (B). 836 
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 840 

Figure 3. The ability of ISG15 C-terminus to regulate IFN-α signalling influences viral infection (A) 841 

A549 (CNTL), ISG15-/- and ISG15.AA-, ISG15.ΔGG- and ISG15.GG-expressing derivatives were treated 842 

with 1000 IU/ml IFN-α for 18 h and then infected with rPIV5-cherry (MOI 10). Cells were harvested at 843 

24 and 48 h p.i. and processed for immunoblot analysis using antibodies specific for PIV5 NP, STAT1, 844 

MxA, ISG15 and β-actin. (B) Experiments described in (A) were performed independently three times 845 

(infections were performed on three separate occasions), and NP and β-actin levels were quantified 846 

using Image Studio software (LI-COR Biosciences). Signals were relative to those generated from IFN-847 

α-treated A549 cells infected for 48 h p.i. (set to 100%). Error bars = SD. Statistical significance was 848 

assessed using two-way ANOVA and Tukey multiple comparisons test; ****, p < 0.0001, n.s., no 849 

statistical significance. (C) Fluorescent imagining of mCherry expression, indicative of rPIV5-mCherry 850 

infection, at the 48 hours post infection (h.p.i.) time point described in (A).   851 
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 854 

 855 

Figure 4. The C-terminal di-Gly motif of ISG15 is not required for USP18 stabilisation. (A) Immunoblot 856 

analysis of USP18 expression in A549 (CNTL), ISG15-/- and ISG15.AA-, ΔGG-, GG-expressing derivatives 857 

after treatment with 1000 IU/ml IFN-α for 24 h. Whole cell extracts were prepared and USP18, ISG15, 858 

MxA and β-actin protein levels were analysed by immunoblot. (B) USP18 abundance in A549 (CNTL), 859 

ISG15-/- and ISG15.AA and ISG15.GG-expressing derivative cells measured using quantitative tandem 860 

mass tags (TMT)-based proteomic analysis (see Figure 2). 861 
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 882 

 883 

Figure 5. The C-terminal di-Gly motif of ISG15 is crucial for the ISG15-USP18 interaction. 884 

Immunoprecipitation of Myc-tagged ISG15 expressed in ISG15.AA-, ΔGG-, GG-expressing cell lines 885 

after treatment with 1000 IU/ml IFN-α for 24 h.  An ISG15-/- cell-line expressing a non-tagged form of 886 

ISG15 was used as a negative control (left lane) and an ISG15.GG-expressing 1SG15-/-.UBA7-/- cell line 887 

was used as an ISGylation-deficient control (final lane). ISG15 was immunoprecipitated (IP) using anti-888 

c-Myc antibodies covalently coupled to magnetic beads. Immunoprecipitates (top) and whole cell 889 

lysates (WCL; bottom) were subject to immunoblot analysis with antibodies to USP18, ISG15 and 890 

UBA7. ISG15 expression in reconstituted cell lines was under the control of the ISG15 promoter (pr15) 891 

and was therefore inducible by IFN.  892 
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 895 

Figure 6. Functional characterisation of catalytically inactive and ISG15-binding mutants of USP18 896 

(A) Immunoprecipitation of Flag-tagged wt and mutant forms of USP18 in HEK293T cells co-897 

transfected with wt ISG15 (ISG15.GG) as indicated. Cells were lysed 48 h post-transfection and lysates 898 

were immunoprecipitated with Flag-specific antibodies covalently coupled to magnetic beads. 899 

Immunoprecipitates (top) and whole cell lysates (WCL; bottom) were subject to immunoblot with 900 

antibodies to USP18 and ISG15. (B) Immunoprecipitation of V5-tagged IFNAR2 cytoplasmic domain in 901 

HEK293T cells co-transfected with STAT2-Myc, USP18.wt-Flag, USP18.I60N-Flag or USP18.C64S-Flag 902 

plasmids as indicated. Cells were lysed at 48 h post-transfection and lysates were immunoprecipitated 903 

with anti-V5 antibody coupled to protein G dynabeads. Immunoprecipitates (V5-IP; top) and whole 904 

cell lysates (WCL; bottom) were subject to immunoblot with antibodies to anti-V5 epitope tag, 905 

STAT2and USP18. (C) Schematic presentation of the lentiviral technology used to reconstitute USP18 906 

expression in A549-USP18-/- using an inducible system where USP18 expression is driven by the ISG15 907 

promoter (pr15). (D) Immunoblot analysis of USP18 expression induced by IFN-α treatment. A549 908 

(CNTL), USP18-/- and USP18.wt-,I60N-,C64S-expressing cell lines were treated with 1000 IU/ml IFN-α 909 

for 48 h or left untreated. Whole cell extracts were prepared and USP18, ISG15, MxA and β-actin 910 

protein levels were analysed by immunoblot. 911 
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 913 

Figure 7. ISG expression is dysregulated in cells expressing USP18 mutant unable to bind ISG15. (A) 914 

A549 control cells expressing NC1 non targeting guide RNA (NC1-CNTL), A549-USP18-/- and USP18.wt, 915 

I60N-, C64S-expressing derivatives (where USP18 expression was under the control of the ISG15 916 

promoter (pr15) and therefore inducible by IFN) were treated with 1000 IU/ml IFN-α for 16 h. 917 

Expression of ISGs was tested using reverse transcription quantitative PCR (RT-qPCR) with primers 918 

specific for MxA and HERC5. Relative expression was determined following SYBR Green quantitative 919 

PCR (qPCR) using ΔΔCt method. β-Actin expression was used to normalize between samples. Data 920 

shown represent mean values from three independent experiments performed on different 921 

occasions; error bars = SD. Statistical significance was assessed using two-way ANOVA and Tukey 922 

multiple comparisons test; *, p < 0.05, **, p < 0.01, ***, p < 0.001, n.s., no statistical significance. (B) 923 

A549 NC1-CNTL, A549-USP18-/- and USP18.wt-, I60N-, C64S-expressing derivatives were pre-treated 924 

with 1000 IU/ml IFN-α for 16 h and then infected with rPIV5-mCherry (MOI 10). Cells were harvested 925 

at 24 and 48 h.p.i. and processed for immunoblot analysis using antibodies specific for PIV5 NP, STAT1, 926 

USP18 and β-actin. (C) Experiments described in (B) were performed independently three times 927 

(infections were performed on three separate occasions), and NP and β-actin levels were quantified 928 

using Image Studio software (LI-COR Biosciences). Signals were normalised to IFN--treated A549 cells 929 

infected for 48 h p.i. (set to 100%). Data shown represent mean values from three independent 930 

experiments; error bars = SD. Statistical significance was assessed using two-way ANOVA and Tukey 931 

multiple comparisons test; ****, p < 0.0001, n.s., no statistical significance. (D) Fluorescent imagining 932 
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of mCherry expression, indicative of rPIV5-mCherry infection, at 48h p.i time point of experiment 933 

described in (B).    934 
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Figure 8. The ISG15-USP18 interaction is important for desensitization of IFN-α signalling. (A) A549 938 

control cells expressing NC1 non targeting guide RNA (NC1-CNTL), A549-USP18-/- and USP18.wt-, I60N, 939 

C64S-expressing cells were primed with 2000 IU/ml IFN-α (equivalent to 20 ng/ml) for 8 h or left 940 

untreated. Cells were washed, and re-incubated in medium without IFN for 16 h and then stimulated 941 

with 2000 IU/ml IFN-α for 30 min. Cell lysates were subject to immunoblot analysis with antibodies to 942 

anti-phospho-STAT1, USP18 and β-actin. (B) Experiments described in (A) were performed 943 

independently three times, and phospho-STAT1 and β-actin levels were quantified using Image Studio 944 

software (LI-COR Biosciences). Signals are presented as ratios of primed to non-primed control (a ratio 945 

of 1 is equivalent to no change). Data shown represent mean values from three independent 946 

experiments; error bars = SD. Statistical significance was assessed using one-way ANOVA and Tukey 947 

multiple comparisons test; *, p < 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001, n.s., no statistical 948 

significance. 949 

  950 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 3, 2021. ; https://doi.org/10.1101/2021.06.01.446527doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.01.446527
http://creativecommons.org/licenses/by/4.0/


 38 

 951 

 952 

 953 

 954 

 955 

 956 

 957 

 958 

 959 

 960 

 961 

 962 

 963 

 964 

 965 
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 967 

Figure 9. Model. IFN-α, expressed as a consequence of infection, binds to IFNAR and induces the 968 

formation of the IFNAR1-IFNAR2-IFN-α ternary complex. Signalling is transduced through the 969 

JAK/STAT pathway, culminating in the expression of several hundreds of ISGs. As ISGs, both USP18 970 

and ISG15 are expressed and are both known to regulate the magnitude of type I IFN signalling. ISG15 971 

promotes USP18 stability (1) by preventing SKP2-mediated ubiquitination and proteasomal 972 

degradation of USP18, making it available for STAT2-dependent recruitment to IFNAR2 and to inhibit 973 

ternary complex formation.  How ISG15 protects USP18 from degradation is not known, but this does 974 

not require an interaction between ISG5 and USP18. Separately, through non-covalent interactions 975 

dependent on its C-terminal di-Gly, ISG15 facilitates USP189s inhibitory function (2). It is not currently 976 

known whether this interaction occurs at the receptor, or prior to USP189s recruitment to IFNAR2.   977 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 3, 2021. ; https://doi.org/10.1101/2021.06.01.446527doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.01.446527
http://creativecommons.org/licenses/by/4.0/

