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ABSTRACT

Activation of the RIG-I-like receptors, RIG-I and MDAS, establishes an antiviral state by
upregulating interferon (IFN)-stimulated genes (ISGs). Among these is ISG15 whose mechanistic
roles in innate immunity still remain enigmatic. Here we report that ISGylation is essential for
antiviral IFN responses mediated by the viral RNA sensor MDAS. ISG15 conjugation to the
caspase activation and recruitment domains of MDAS promotes the formation of higher-order
assemblies of MDAS and thereby triggers activation of innate immunity against a range of viruses
including coronaviruses, flaviviruses and picornaviruses. The ISG15-dependent activation of
MDAS is antagonized through direct de-ISGylation mediated by the papain-like protease (PLpro)
of SARS-CoV-2, a recently emerged coronavirus that causes the COVID-19 pandemic. Our work
demonstrates a crucial role for ISG15 in the MDAS5-mediated antiviral response, and also identifies
a novel immune evasion mechanism of SARS-CoV-2, which may be targeted for the development

of new antivirals and vaccines to combat COVID-19.


https://doi.org/10.1101/2020.10.26.356048
http://creativecommons.org/licenses/by-nc-nd/4.0/

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.26.356048; this version posted October 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 made

available under aCC-BY-NC-ND 4.0 International license.

INTRODUCTION

Viral perturbation of host immune homeostasis is monitored by the innate immune system,
which relies on receptors that sense pathogen- or danger-associated molecular patterns'> % 3. The
RIG-I-like receptors (RLRs), RIG-I1 and MDAS are pivotal for virus detection by surveying the
cytoplasm for viral or host-derived immunostimulatory RNAs that harbor dsRNA structures and,
in the case of RIG-I agonists, also a 5'-di- or tri-phosphate moiety*. Binding of RNA to the C-
terminal domain (CTD) and helicase of RIG-I and MDAS leads to their transition from an inactive
state to a signaling-primed conformation that allows for the recruitment of several enzymes®. These
enzymes modify RLRs at multiple domains and sites, and posttranslational modifications (PTMs)
are particularly well studied for the N-terminal caspase activation and recruitment domains
(CARD:s), the signaling modules. PP1a/y dephosphorylate specific CARD residues in RIG-I and
MDA 56, which triggers further activation steps. In the case of RIG-I, dephosphorylation promotes
K63-linked polyubiquitination of the CARDs by TRIM25 and other E3 ligases’-®, which nucleates
and stabilizes the oligomeric form of RIG-I, thereby enabling MAVS binding at mitochondria.
Compared to those of RIG-I, the individual steps of MDAS activation and critical PTMs involved
are less well understood.

RLR activation induces the production of type I and III interferons (IFNs) which, in turn,
propagate antiviral signaling by upregulating IFN-stimulated genes (ISGs)> '°. Among the
profoundly upregulated ISGs is ISG15, a ubiquitin-like protein. Similar to ubiquitin, ISG15 can
be covalently conjugated to lysine (K) residues of target proteins, a PTM process termed
ISGylation'!. ISGylation is catalyzed by a chain of enzymatic reactions analogous to ubiquitination,
involving an El activating enzyme (UbelL), an E2 conjugating enzyme (UbcHS8), and a handful

of E3 ligases (for example, HERCS). Inversely, de-ISGylation is mediated by the cellular
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isopeptidase USP18!!, and certain viruses also encode proteases that harbor de-ISGylase
activities'?. Besides covalent conjugation, ISG15 — like ubiquitin — can noncovalently bind to
substrate proteins. Whereas ISG15 conjugation has been widely recognized to act antivirally'3,
unconjugated ISG15 serves a proviral role by promoting USP18-mediated suppression of type I
IFN receptor (IFNAR) signaling!'# !> 16; this latter function of ISG15 is responsible for over-
amplified ISG induction and fortified viral resistance in humans with inherited ISG15 deficiency.
In contrast to ISG15’s role in dampening IFNAR signaling, the precise mechanism(s) of how
ISGylation enhances immune responses to a wide range of viral pathogens are less well understood.
Along these lines, although a broad repertoire of viral and cellular proteins has been shown to be
targeted for ISGylation!® (of note, this usually represents co-translational modification of the
nascent protein pool!'”), mechanisms of host protein ISGylation that could explain the broad
antiviral restriction activity of ISG15 are currently unknown.

The causative agent of the ongoing COVID-19 pandemic, severe acute respiratory
syndrome coronavirus 2 (SCoV2), belongs to the Coronaviridae family that contains several other
human pathogens. Coronaviruses have an exceptional capability to suppress IFN-mediated
antiviral responses, and low production of type I IFNs in SCoV-2-infected patients correlated with
more severe disease outcome!®. Among the coronaviral IFN antagonists is the papain-like protease
(PLpro), which has deubiquitinating and de-ISGylating activities!®> 2°; however, the cellular
substrates of the SCoV2 PLpro remain largely elusive.

Here we identify an essential role for ISGylation in MDAS activation. We further show
that SCoV2 PLpro interacts with MDAS and antagonizes ISG15-dependent MDAS activation via
its de-ISGylase activity, unveiling that SCoV2 has already evolved to escape immune surveillance

by MDAS.
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RESULTS

MDAS, but not RIG-I, signaling requires ISG15

To identify PTMs of the CARDs of MDAS that may regulate MDAS activation, we
subjected affinity-purified MDAS-2CARD fused to glutathione-S-transferase (GST-MDAS-
2CARD), or GST alone, to liquid chromatography coupled with tandem mass spectrometry (LC-
MS/MS) and found that specifically GST-MDAS5-2CARD co-purified with ISG15, which
appeared as two bands that migrated more slowly (by ~15 and 30 kDa) than unmodified GST-
MDAS5-2CARD (Extended Data Fig. 1a). Inmunoblot (IB) analysis confirmed that GST-MDA5-
2CARD is modified by ISG15 (Extended Data Fig. 1b). Since the CARDs are the signaling
module of MDAS, we next determined the functional relevance of ISG15 for MDAS5-induced
signaling. While ectopic expression of FLAG-MDAS in wild-type (WT) mouse embryonic
fibroblasts (MEFs) induced IFN-f mRNA and protein as well as Ccl5 transcripts in a dose-
dependent manner, FLAG-MDAS expression in Isg/57~ MEFs led to ablated antiviral gene and
protein expression (Fig. 1a and Extended Data Fig. 1c). Similarly, antiviral gene expression
induced by FLAG-MDAS was strongly diminished in /SG/5 KO HeLa (human) cells compared
to WT control cells (Fig. 1b and Extended Data Fig. 1d), ruling out a species-specific effect. In
contrast to FLAG-MDAS, ectopically expressed FLAG-RIG-I induced comparable amounts of
secreted IFN-B protein as well as Ifnbl and Ccl5 transcripts in Isg/57~ and WT MEFs (Fig. 1a
and Extended Data Fig. 1¢). [FNBI transcripts and IFN-f protein production triggered by FLAG-
RIG-I were slightly enhanced in ZSG/5 KO HeLa cells as compared to WT control cells (Fig. 1b
and Extended Data Fig. 1d), consistent with previous reports that ISGylation negatively impacts
RIG-I signaling?! 22 These results suggest that ISG15 is required for MDAS, but not RIG-I,

mediated signal transduction.
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96 To substantiate a differential role of ISG15 in regulating MDAS and RIG-I signaling, we

97  tested the effect of ISG15 gene deletion on the activation of endogenous MDAS and RIG-I by their

98  respective RNA ligands. IFN-B production as well as /FNBI, CCL5, and TNF gene expression

99  induced by transfection of encephalomyocarditis virus (EMCV)-RNA or high-molecular-weight
100  (HMW)-poly(I:C), both of which are predominantly sensed by MDAS, were profoundly attenuated
101  in Isgl5”~ MEF, ISG15 KO HeLa, and ISG15 KO HAP-1 (human) cells as compared to their
102 respective control cells (Fig. 1c,d and Extended Data Fig. 1e—g). Importantly, the ablation of
103 antiviral gene induction in response to EMCV-RNA or HMW-poly(I:C) in ISG15 KO cells was
104  not due to abrogated MDAS5 gene expression; on the contrary, mRNA expression of endogenous
105 MDAS was enhanced in ISG15 KO cells as compared to WT cells (Extended Data Fig. 1f,g). In
106  contrast to stimulation with MDAS agonists, stimulation of Isg/5~~ MEFs and ISG/5 KO HeLa
107  cells by transfection of rabies virus leader RNA (RABV1.) or by infection with Sendai virus (SeV,
108  strain Cantell), both of which are specific RIG-I stimuli, led to IFN-3 production and antiviral gene
109  expression comparable to WT control cells (Fig. 1¢,d and Extended Data Fig. 1e). To rule out
110  potential clonal effects that could be associated with ISG/5 gene-deleted cells, we performed
111  transient ISGI5 gene silencing in primary normal human lung fibroblasts (NHLFs) followed by
112 stimulation of endogenous MDAS and RIG-I with EMCV-RNA or RABVL, respectively. siRNA-
113 mediated silencing of ISG35, similarly to depletion of MDAS5, led to a near-complete loss of
114  phosphorylation of IFN-regulatory factor 3 (IRF3) — a hallmark of RLR signal activation — upon
115  stimulation with EMCV-RNA, but not RABV1. (Fig. 1e). In accord, knockdown of endogenous
116  ISG15 greatly diminished IFN-B production as well as /FNBI and CCL5 gene expression in
117  primary NHLFs transfected with EMCV-RNA, but not in cells transfected with RABVL. or

118 infected with SeV (Fig. 1f and Extended Data Fig. 1h).
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119 We next asked whether ISG15 is required for MDAS-mediated signaling also in immune
120 cells. shRNA-mediated silencing of endogenous ISG/5 or MDAS5 in primary human peripheral
121  blood mononuclear cells (PBMCs) substantially reduced IFN-B production and /FNA2 and IL-6
122 transcripts following infection with a recombinant mutant EMCV (mutEMCV) known to be
123 deficient in MDAS antagonism?* 24, as compared to infected PBMCs that were transduced with
124 non-targeting control shRNA (Fig. 1g,h and Extended Data Fig. 1i). By contrast, ISG15 or MDAS5
125  depletion did not affect the cytokine responses in PBMCs upon SeV infection. (Fig. 1g,h and
126  Extended Data Fig. 1i). Collectively, these results show that ISG15 is essential for MDAS, but

127  not RIG-I, mediated innate immune signaling.
128

129  The MDAS CARDs are ISGylated at K23 and K43

130 To corroborate our MS analysis that identified ISG15 modification of the MDAS5-2CARD,
131  we first tested whether also endogenous MDAS is modified by ISG15. Anti-ISG15 immunoblot
132 (IB) of immunoprecipitated endogenous MDAS from primary NHLFs that were transfected with
133 HMW-poly(I:C) or infected with the flaviviruses dengue (DENV) and Zika viruses (ZIKV) that
134 are known to be sensed by MDAS5 (together with RIG-I)°, showed robust ISGylation of MDAS5
135  (Fig. 2a). Notably, endogenous MDAS was also [SGylated in uninfected cells, although at low
136  levels (Extended Data Fig. 2a), which is consistent with a previous report that showed that many
137 host proteins are ISGylated at low levels also in normal (uninfected) conditions!”. Moreover, in
138  NHLFs that were treated with an anti-IFNAR2 antibody to block IFNAR-signaling-mediated ISG
139 upregulation (e.g. IFITI and RSAD?2), silencing of ISG15 or MDAS5 led to a comparable reduction

140  of IFNBI gene expression in response to mutEMCYV infection (Extended Data Fig. 2b). These


https://doi.org/10.1101/2020.10.26.356048
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.26.356048; this version posted October 27, 2020. The copyright holder for this preprint
(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 made
available under aCC-BY-NC-ND 4.0 International license.

141  results indicate that ISG15-dependent MDAS signaling occurs even in the absence of IFNAR
142 signaling, suggesting that basal ISGylation is sufficient for MDAS activation.

143 Biochemical analysis confirmed that the MDAS5-2CARD, but not MDAS A2CARD
144 (containing helicase and CTD), is the primary site of MDAS ISG15 modification (Fig. 2b). Of
145  note, immunoblotting showed two major bands of ISGylation for MDA5-2CARD (Fig. 2b), which
146  is consistent with our MS analysis (Extended Data Fig. 1a). Reconstitution of ISG/5 KO HelLa
147  cells with either WT ISG15, or an unconjugatable mutant of ISG15 in which the two C-terminal
148  glycines needed for conjugation were replaced with alanine (ISG15 AA), demonstrated covalent
149  ISG15 conjugation of MDAS (Fig. 2c¢).

150 Mutation of individual K residues in GST-MDAS5-2CARD to arginine (R) revealed that
151  single-site mutation of K23 and K43 noticeably reduced ISGylation (Extended Data Fig. 2¢),
152  while combined mutation of these two residues (K23R/K43R) led to a near-complete loss of
153  ISGylation (Fig. 2d). Introduction of the K23R/K43R mutations into full-length FLAG-MDAS
154  also markedly diminished ISGylation (Fig. 2e), and the FLAG-MDAS5 K23R/K43R mutant
155  persisted in a hypo-ISGylated state over a 72-h time course of EMCV-RNA stimulation (Extended
156  Data Fig. 2d). Of note, the residual ISGylation seen in MDAS5 K23R/K43R is likely due to
157  additional, minor sites in the CARD and/or A2CARD. To strengthen the concept that K23 and K43
158 are primarily modified by ISGylation and not other PTMs, we assessed the effect of the
159  K23R/K43R mutation on MDAS5 SUMOylation and ubiquitination®. The K23R/K43R mutation,
160  which leads to a near-complete loss of MDAS ISGylation, had no effect on MDAS5 CARD
161  SUMOylation, GST-MDAS5-2CARD WT and the K23R/K43R mutant showed comparable
162  SUMOylation levels (Extended Data Fig. 2e). Furthermore, whereas GST-RIG-I-2CARD was

163 robustly ubiquitinated (which primarily represents covalent K63-linked ubiquitination’), neither
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164  GST-MDAS-2CARD WT nor the K23R/K43R mutant showed detectable levels of ubiquitination
165  under the same conditions (Extended Data Fig. 2f), which is in agreement with previous findings’.
166  Taken together, these results indicate that the MDAS CARDs undergo ISGylation at two major

167  sites, K23 and K43.
168

169  CARD ISGylation is required for MDAS activation

170 To determine the relevance of CARD ISGylation in MDAS-mediated signaling, we first
171  compared the ability of MDAS-2CARD WT and of the mutants K23R, K43R and K23R/K43R to
172 activate the IFN- promoter by luciferase reporter assay. Consistent with their reduced ISGylation
173 levels (Fig. 2d and Extended Data Fig. 2¢), MDAS5-2CARD K23R and K43R single-site mutants
174  showed partially reduced IFN-B promoter activation as compared to WT MDAS-2CARD, while
175  the MDAS5-2CARD K23R/K43R double mutant had a profoundly reduced signaling activity
176 ~ (Extended Data Fig. 2g). The decrease in signaling ability of the MDAS-2CARD K23R/K43R
177  mutant was almost as strong as that of the phosphomimetic mutants S88E and S88D, which are
178  inactive due to constitutive CARD ‘phosphorylation’ and thus served as positive controls®. In
179  contrast,an MDAS5-2CARD mutant in which K68, which is the lysine residue that is most proximal
180  to K43 and K23, was substituted with arginine (K68R), showed comparable ISG15 conjugation
181  and signaling competency to the WT 2CARD (Extended Data Fig. 2¢,g). Consistent with the data
182  obtained from the IFN-f luciferase assay, the MDAS5-2CARD K23R/K43R mutant, in contrast to
183  WT MDAS-2CARD, also failed to induce the dimerization of endogenous IRF3 (Extended Data
184  Fig. 2h). Full-length FLAG-MDAS K23R, K43R, or K23R/K43R double mutant, also showed
185  reduced and near-abolished IFN-f3 promoter activating abilities, respectively, as compared to WT

186 FLAG-MDAS (Fig. 2f), strengthening that K23 and K43 are the ISGylation sites that are critical
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187  for MDAS activation. Of note, the FLAG-MDAS K23/K43R mutant showed a profound signaling
188  defect even when expressed at high amounts. In contrast, WT FLAG-MDAS induced /FNB1 and
189  CCL)5 transcript expression in a dose-dependent manner (Fig. 2g). Consistent with these data,
190  phosphorylation of STATI, which is a hallmark of IFNAR-signal activation, as well as protein
191  expression of IFIT1 and IFIT2 (both are ISGs) were highly induced in cells expressing WT MDAS,
192  but not in cells expressing the K23R/K43R mutant (Fig. 2h). To rule out the possibility of a
193  confounding effect by endogenous MDAS5 on signaling induced by our ectopically-expressed
194  MDAS mutants, we tested their signal-transducing activities in human astrocytes in which the
195 MDA gene expression was ablated using CRISPR-Cas9 technology (MDA5 KO SVGAs) (Fig. 2i
196  and Extended Data Fig. 2i). Complementation of MDAS5 KO SVGA cells with the K23R/K43R
197  mutant led to greatly diminished /FNB1, CCLS5, and ISG (OAS1 and RSAD?) transcript induction
198  compared to cells expressing WT MDAS. Control cells reconstituted with the signaling-defective
199 MDAS S88E mutant also showed strongly reduced antiviral gene induction (Fig. 2i). These results
200  demonstrate that ISGylation at K23 and K43 in the CARDs is essential for MDAS-mediated
201  antiviral cytokine responses.

202

203  Dephosphorylation by PP1 regulates MDAS ISGylation

204 Like RIG-I, MDAS is phosphorylated within the CARDs in uninfected cells, which
205  prevents auto-activation; in contrast, dephosphorylation of RIG-I (at S8 and T170) and MDAS (at
206  S88) by PPla/y is crucial for unleashing RLRs from their signaling-repressed states® 252627, In
207  the case of RIG-I, dephosphorylation allows K63-linked ubiquitination of the CARDs, which then
208 promotes RIG-I multimerization and antiviral signaling®. The details of how CARD

209  dephosphorylation triggers MDAS activation have remained elusive, and therefore we tested

10
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210  whether dephosphorylation regulates MDAS ISGylation. We found that silencing of endogenous
211  PPla or PPly strongly diminished MDAS5-2CARD ISGylation (Extended Data Fig. 3a).
212 Furthermore, the phosphomimetic MDAS-2CARD mutants S88E and S88D had markedly reduced
213 ISGylation, whereas the ‘phospho-null’ S88A mutant showed stronger ISGylation than WT
214  MDAS-2CARD (Extended data Fig. 3b). Conversely, the ISGylation-null mutant of MDAS,
215  K23R/K43R, had comparable S88 phosphorylation levels (Extended Data Fig. 3c). Together,

216  these data suggested that MDAS dephosphorylation at S88 precedes CARD ISGylation.

217 We next made use of the V protein of measles virus (MeV-V) of the Paramyxoviridae
218  family, which is known to antagonize MDAS S88 dephosphorylation through direct antagonism
219  of PPla/y?®. Ectopic expression of MeV-V enhanced the S88 phosphorylation (indicative of
220  inhibition of S88 dephosphorylation) of GST-MDAS5-2CARD or FLAG-MDAS in a dose-
221  dependent manner, as previously shown?®. The enhancement of S88 phosphorylation by MeV-V
222 correlated with a gradual decline in ISGylation (Extended data Fig. 3d,e). In contrast to WT
223  MeV-V, a C-terminally truncated mutant of MeV-V (MeV-V Atail) which has abolished PP1-
224 binding and MDAS5-dephosphorylation antagonism?®, exhibited little effect on MDA5-2CARD
225 ISGylation (Extended data Fig. 3f), strengthening that the inhibition of MDAS5-2CARD
226  ISGylation is primarily due to PP1 inhibition, and not other antagonistic effects, by the MeV-V
227  protein. The V proteins from Nipah and Hendra viruses (NiV-V and HeV-V) also strongly
228  enhanced MDAS5 S88 phosphorylation (Extended data Fig. 3g,h), and correspondingly,
229  dampened MDAS ISGylation (Extended data Fig. 3h), suggesting that certain paramyxoviral V
230  proteins inhibit MDAS ISGylation through manipulation of S88 phosphorylation, although the
231  precise mechanisms for individual V proteins remain to be determined. Taken together, these data

232 suggest that the ISGylation of MDAS-2CARD is dependent on dephosphorylation at S88.

11
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233

234  1ISGylation promotes higher-order MDAS assemblies

235 The activation of RLRs is a multi-step process that includes RNA binding, RLR
236  oligomerization, and their translocation from the cytosol to mitochondria and mitochondria-
237  associated membranes for an interaction with MAVS?. To elucidate the mechanism by which
238  ISGylation impacts MDAS activity, we first examined whether ISGylation affects the ability of
239  MDAS to bind dsRNA. Endogenous MDAS purified from WT or Isg/ 5~ MEFs interacted equally
240  well with HMW-poly(I:C) in vitro (Extended Data Fig. 4a). Moreover, MDAS5 WT and the
241  K23R/K43R mutant showed comparable binding to HMW-poly(I:C), indicating that ISGylation
242 does not affect the RNA-binding ability of MDAS (Extended Data Fig. 4b). Next, we monitored
243 the translocation of endogenous MDAS from the cytosol to mitochondria in cells that were either
244  depleted of ISG15 using siRNA, or transfected with nontargeting control siRNA (si.C). EMCV-
245  RNA-induced cytosol-to-mitochondria translocation of MDAS was abolished in ISG15-silenced
246  cells, whereas si.C-transfected cells showed efficient translocation (Fig. 3a). In contrast, the
247  translocation of endogenous RIG-I from the cytosol to mitochondria induced by RABVL.
248  transfection was efficient in both ISG15-depleted and si.C-transfected cells (Fig. 3b). These data
249  indicated that ISGylation influences MDAS activation at the level of translocation, or a step
250  wupstream of it. Since the cytosol-to-mitochondria translocation of MDAS has been shown to
251  require an interaction with the chaperon protein 14-3-3n%, we assessed 14-3-3n-binding of WT
252  MDAS and its mutants. Pulldown assay showed that the ability of the MDAS K23R/K43R mutant
253  to bind 14-3-3n was similar to that of WT MDAS or the K68R mutant (Extended Data Fig. 4c¢).
254  However, whereas EMCV-RNA stimulation effectively induced the oligomerization of

255  endogenous MDAS in WT MEFs, the formation of MDAS oligomers was ablated in MEFs that

12
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256  were deficient in ISG15 (Fig. 3¢). Consistent with these data, silencing of ISG/5 in human (293T)
257  cells abolished the oligomerization of FLAG-MDAS5-2CARD (Fig. 3d). Furthermore, co-
258  expression of the ISGylation machinery components, UbelL and UbcHS, strongly enhanced
259  MDAS-2CARD oligomerization in si.C-transfected cells, but not in ISG15-depleted cells (Fig. 3d),
260 indicating that ISGylation is required for MDAS oligomer formation. In support of this concept,
261  full-length FLAG-MDAS K23R/K43R mutant showed near-abolished oligomerization, while WT
262 MDAS oligomerized efficiently (Fig. 3e). We also compared the effect of the K23R/K43R
263  mutation with that of a panel of previously characterized oligomerization-disruptive mutations on
264  the ability of MDAS to oligomerize and signal downstream (Fig. 3f,g). These mutations localize
265  either to the interface between MDAS monomers (I841R/E842R and D848A/F849A) and impede
266  RNA-binding-mediated MDAS filamentation®® 3!, or they localize to the CARDs (G74A/W75A)
267 and disrupt 2CARD oligomerization®®. In contrast to WT MDAS, the K23R/K43R mutant,
268  similarly to the G74A/W75A mutant, showed deficient oligomerization and, consistent with this,
269  abolished IFN- promoter-activating ability (Fig. 3f,g). Introduction of K23R/K43R into the
270  I841R/E842R or D848A/F849A background, either of which by itself decreased MDAS
271  oligomerization and signaling, also abolished the formation of MDAS oligomers and IFN-f
272  promoter activation (Fig. 3f,g), suggesting a dominant role for CARD ISGylation in the formation
273  of higher-order MDAS assemblies. Since LGP2, the third member of the RLR family, has been
274  shown to facilitate MDAS nucleation on dsRNA and thereby MDAS oligomerization3? 33, we
275  tested the binding of LGP2 to MDAS WT or K23R/K43R by Co-IP. MDAS K23R/K43R mutant
276 interacted with LGP2 as efficiently as WT MDAS (Extended Data Fig. 4d), strengthening that
277  MDAS CARD ISGylation promotes MDAS5 oligomerization independently of RNA-binding-

278  mediated filamentation. Collectively, these results establish that ISGylation of the MDAS CARDs
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279  potentiates MDAS signaling by facilitating CARD oligomerization and formation of higher-order

280 MDAS assemblies.
281

282  ISGylation-dependent MDAS signaling restricts virus replication

283 We next assessed whether ISGylation of MDAS is required for its ability to restrict virus
284  replication. Ectopic expression of FLAG-MDAS WT, but not of the K23R/K43R mutant, potently
285  (by ~2-log) inhibited the replication of EMCV, which is sensed by MDAS (Fig. 4a). Similarly,
286  MDAS5 KO HEK293 cells reconstituted with WT MDAS, but not cells complemented with the
287  K23R/K43R mutant, effectively restricted DENV replication (Fig. 4b). We also reconstituted
288  MDAS5 KO astrocyte SVGAs, a physiologically relevant cell type for ZIKV infection, with either
289  vector, or MDAS WT or K23R/K43R and then assessed ZIKV replication over a 40-hour time
290  course. ZIKV replication was attenuated by ~100-fold in cells reconstituted with WT MDAS as
291  compared to vector-transfected cells. In contrast, cells complemented with MDAS K23R/K43R
292  did not restrict ZIKV growth, similarly to the signaling-defective S88E mutant, which served as
293  an additional control (Fig. 4c¢). Similarly, ectopic expression of WT MDAS restricted the
294 replication of SARS-CoV-2 (SCoV2), a recently emergent coronavirus that is responsible for the
295  ongoing COVID-19 pandemic. In contrast, MDAS K23R/K43R did not inhibit SCoV?2 replication
296  (Fig. 4d).

297 To further substantiate that MDAS-mediated virus restriction is dependent on MDAS
298  ISGylation, we determined the effect of ISG15 silencing on the ability of FLAG-MDAS WT or
299  K23R/K43R to inhibit EMCV replication. While the K23R/K43R mutant failed to suppress EMCV
300 replication regardless of ISG15 silencing, WT MDAS effectively restricted EMCV replication in

301  si.C-transfected cells, and unexpectedly, also in ISG15 knockdown cells (Extended Data Fig. 5a).
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302  In an exploration of the underlying mechanism of these unexpected results, we found that the
303 EMCV-infected cells that expressed WT MDAS had markedly enhanced levels of ISG protein
304  expression (i.e. IFIT1, IFIT2, RSAD2, and ISG20) when ISGI5 was silenced as compared to
305 infected cells transfected with the control siRNA (Extended Data Fig. 5b). Similarly, elevated
306  ISG transcript and protein expression was observed in ISG15-deficient cells that were transfected
307 with EMCV-RNA or infected with mutEMCYV, despite the abrogation of IFN-B induction
308 (Extended Data Fig. Sc,d). In contrast, silencing of endogenous MDAS abrogated both IFN-f3
309  production and ISG protein expression, as expected (Extended Data Fig. 5d). We noticed that the
310  protein abundance of USP18, a deubiquitinating enzyme that negatively regulates IFNAR signal
311  transduction'4, was greatly diminished in ISG15-depleted cells upon EMCYV infection as compared
312 to infected cells that were transfected with the nontargeting control siRNA or MDAS5-specific
313  siRNA (Extended Data Fig. Sb,d), which is consistent with the reported role of ISG15 in
314  preventing the degradation of USP18'>. Together, these data suggested that in experimental
315  settings of ISG15-gene targeting (i.e. ISG15 gene silencing or KO) the antiviral effect of MDAS
316  ISGylation is masked by aberrant ISG upregulation due to the ablation of ISG15’s inhibitory effect
317  on IFNAR-signal transduction.

318 To test the effect of ISG/5 silencing on IFN-mediated virus restriction, we employed a
319  virus protection assay that experimentally decouples MDAS signaling in virus-infected cells from
320  downstream IFNAR signaling in the same cells (Fig. 4e). Culture supernatants from mutEMCV-
321 infected NHLF ‘donor’ cells that were either transfected with nontargeting control siRNA, or
322 depleted of either ISG15 or MDAS5 (positive control), were UV-inactivated and then transferred
323  onto uninfected Vero ‘recipient’ cells. ‘Primed’ recipient cells were then infected with ZIKV to

324  directly monitor the antiviral effect of MDAS5-mediated IFN production by donor cells. Whereas
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325  the supernatants from control siRNA-transfected donor cells potently inhibited ZIKV replication,
326  the supernatants from ISG15 or MDA5 knockdown cells minimally restricted virus replication (Fig.
327  4f). Consistent with these data, the culture supernatant from EMCV-infected HEK293 ‘donor’
328  cells that were transfected with WT MDAS together with control siRNA led to greater protection
329  of Vero ‘recipient’ cells from viral challenge than that from cells expressing WT MDAS and
330  depleted of ISG15 (Fig. 4g). Collectively, these data demonstrate that ISGylation is important for

331 MDAS5-mediated restriction of a range of RNA viruses.
332

333 SARS-CoV-2 PLpro targets MDAS for de-ISGylation

334 Members of the Coronaviridae family, including SARS-CoV (SCoV), MERS-CoV, and
335  the recently emerged SCoV2, encode a papain-like protease (PLpro) that, together with the main
336  protease, mediates the cleavage of viral polyproteins**. In addition, PLpro has both
337  deubiquitinating and de-ISGylating activities, which have been proposed to have
338  immunomodulatory effects. A recent study showed that PLpro from SCoV2 modulates antiviral
339  responses primarily via its de-ISGylase activity?®; however, bona fide substrate(s) that are de-
340  ISGylated by SCoV2 PLpro remain largely unknown. Since MDAS is known to be a major sensor

341  for detecting coronavirus infection®> 3

, and because our data showed that ISGylation is essential
342  for MDAS5-mediated restriction of SCoV2 infection (Fig. 4d), we examined whether SCoV2 PLpro
343  enzymatically removes the MDAS5 CARD ISGylation to antagonize innate immunity. WT PLpro
344  from SCoV2, but not its catalytically-inactive mutant C111A (PLpro-C111A)%, abolished MDAS5-
345 2CARD ISGylation (Fig. Sa,b). The PLpro N156E and R166S/E167R mutants, which are

346  marginally and severely impaired in ISG15 binding at the ‘site 1° interface!®- 7, respectively, did

347  slightly, or not, affect MDAS-2CARD ISGylation (Fig. 5a,b). In contrast, a SCoV2 PLpro mutant
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348  harboring the F69A mutation, which disrupts the ‘site 2’ interface that preferentially determines
349  binding to ubiquitin, but not ISG15'%-37, diminished MDA5-2CARD ISGylation as potently as WT
350  PLpro (Fig. Sa,b). SCoV2 PLpro, however, did not suppress RIG-I-2CARD ubiquitination; GST-
351  RIG-I-2CARD was efficiently ubiquitinated in cells co-expressing WT PLpro or its catalytically-
352 inactive mutant (C111A) (Extended Data Fig. 6a), which is in agreement with previous findings
353  that indicated that SCoV2 PLpro has high specificity for cleaving K48-linked polyubiquitin, but
354 not K63-ubiquitin linkages'®.

355 In support of a direct activity of SCoV2 PLpro towards MDAS, we found that PLpro
356 interacted specifically with MDAS, but not RIG-I, as did MeV-V that is known to bind MDAS5 and

357  therefore served as control®®

(Fig. S¢). We found that low amounts of PLpro inhibited the signaling
358  mediated by MDAS, but not by RIG-I, whereas higher amounts of PLpro suppressed antiviral
359  signaling by both RLRs (Extended Data Fig. 6b). These results show that the MDAS pathway is
360  preferentially antagonized by PLpro, and also strengthen that MDAS is a direct target of PLpro-
361 mediated de-ISGylation. De-ISGylation of IRF3 likely accounts for the inhibitory effect that
362  higher doses of PLpro have on the signaling by both sensors’.

363 To determine the consequence of MDAS de-ISGylation by PLpro, we examined the effect
364  of SCoV2 PLpro on MDAS-2CARD oligomerization. Ectopic expression of WT PLpro, similarly
365 to ISGIS5 depletion (Fig. 3d), efficiently blocked MDAS-2CARD oligomerization; in contrast,
366 MDAS-2CARD efficiently oligomerized in cells co-transfected with empty vector or the SCoV2
367 PLpro C111A mutant (Fig. 5d), indicating that SCoV2 PLpro inhibits the ISGylation-dependent
368  MDAS oligomer formation via its enzymatic activity.

369 The PLpro enzymes of the related beta-coronaviruses, SCoV, MERS-CoV, and murine

370  hepatitis virus (MHYV), as well as of HCoV-NL63 (NL63) of the Alphacoronavirus genus, also
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371  efficiently reduced MDAS-2CARD ISGylation (Fig. 5e), suggesting that MDAS antagonism by
372 the de-ISGylase activity of PLpro may be widely conserved among the Coronaviridae family. In
373 support of this, pull-down assay showed that the PLpro of SCoV, MERS-CoV, NL63 and MHV
374  also bound to the MDAS-2CARD (Fig. Se), indicating that MDAS is a substrate of coronaviral

375  PLpro de-ISGylating enzymes.
376

377  SARS-CoV-2 PLpro antagonizes ISGylation-dependent MDAS signaling

378 We next determined the relevance of ISG15-dependent MDAS signaling for antiviral
379  cytokine induction elicited by SCoV2. Since SCoV2 infection is known to minimally induce type
380  IIFNs due to effective viral antagonisms*’, we isolated total RNA from SCoV2-infected cells and
381  then re-transfected it into cells to stimulate innate immune signaling. Transfection of total RNA
382  from mock-infected cells served as a control. SCoV2-RNA, but not RNA from mock-infected cells,
383  robustly triggered /FNBI and IFNLI transcript induction in NHLFs transfected with control
384  siRNA. In contrast, siRNA-mediated silencing of ISG15 or MDAS5 markedly diminished antiviral
385  gene expression triggered by SCoV2-RNA (Fig. 6a). Notably, knockdown of endogenous RIG-I
386  did not adversely affect the antiviral gene expression elicited by SCoV2-RNA, indicating that
387  SCoV2 RNA-PAMP(s) are primarily sensed by the ISG15-MDAS-mediated signaling pathway
388  (Fig. 6a). Next, in support of our finding of a SCoV2 PLpro-MDAS 2CARD interaction, we found
389  that the SCoV2 non-structural protein 3 (Nsp3), within which PLpro lies, readily interacted with
390 endogenous MDAS during authentic SCoV?2 infection (Fig. 6b). Endogenous MDAS ISGylation
391  and downstream ISG induction in SCoV2-infected cells were low (levels were similar to that in
392  uninfected cells) as compared to those during DENV infection (Fig. 6¢), supporting that PLpro

393  effectively suppresses MDAS ISGylation and innate signaling during live SCoV?2 infection.
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394 To provide evidence that SCoV2 PLpro antagonizes MDAS signaling via its de-ISGylase
395  activity, we examined the effect of WT and mutant PLpro on the activation of endogenous MDAS
396  during mutEMCYV infection. Consistent with their effect on MDAS5-2CARD ISGylation (Fig. 5b),
397  ectopic expression of SCoV2 PLpro WT or the F69A mutant inhibited /FNB1, CCL5 and IFITI
398  gene expression, whereas the de-ISGylase-deficient R166S/E167R mutant, similarly to the
399  catalytically-inactive C111A mutant, did not affect the antiviral gene expression (Fig. 6d). In
400 accord, the replication of mutEMCYV was enhanced in cells expressing WT or F69A PLpro, but
401  not in cells expressing C111A or R166S/E167R PLpro (Fig. 6d). Likewise, WT PLpro, but not
402  the R166S/E167R or C111A mutant, blocked EMCV restriction by FLAG-MDAS expression (Fig.
403  6e). The effect of the respective PLpro proteins on virus restriction correlated with the induction
404  of ISG protein expression (i.e. IFIT1, RSAD2, and IFITM3) (Fig. 6f). Collectively, these results
405  establish SCoV2 PLpro as an effective IFN antagonist that suppresses MDAS5-mediated antiviral

406  immunity via its de-ISGylase activity.
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407  DISCUSSION

408 ISG15, and in particular ISG15 conjugation, has long been known to confer antiviral
409  activity to a multitude of viruses; however, only very few bona fide substrates (both viral and host-
410  derived) have been identified'®. On the other hand, ISG15 in its unconjugated form was shown to
411  actprovirally by negatively regulating USP18-mediated inhibition of IFNAR signal transduction'*
412 1516 Therefore, the physiological role of ISG15 in antiviral immunity has been elusive. This study
413 shows that ISGylation of the viral RNA sensor MDAS is crucial for its ability to elicit cytokine
414 induction, demonstrating a key role of ISG15 in the IFN-mediated antiviral response. Whereas our
415  study provided mechanistic insight into how ISGylation promotes antiviral innate immune
416  responses, it is very likely that the sum of multiple ISGylation events (affecting both host and viral
417  proteins) will ultimately determine the outcome of infection and pathogenesis, which may be
418  context-dependent. Indeed, the effect of global ISG15 deficiency (e.g. using ISG15 KO cells or
419  mice) on virus replication has been extensively studied, which showed virus-specific effects!'.
420  Related to this, our work demonstrates an important framework of experimental design in which
421  decoupling the role of ISG15 in MDAS activation from that in downstream IFNAR signaling is
422  essential to reveal ISG15’s antiviral function that acts through regulation of type I IFN production.
423 Whereas RIG-I activation is well known to require K63-linked ubiquitination’, MDAS5
424 activation by PTMs is significantly less well understood. The MDAS CARDs have been shown to
425  be subject to several PTMs including non-covalent K63-linked polyubiquitin, SUMOylation, and
426  K48-linked ubiquitination®. It will be important to investigate how specific PTMs are temporally
427  regulated, or whether they have cell-type-specific roles. Along these lines, some PTMs may ‘cross-
428  talk’ with each other. For example, whereas ISGylation at K23 and K43 promotes MDAS

429  activation during viral infection, degradative K48-linked ubiquitination at these sites may
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430  destabilize the MDAS protein after the virus has been cleared successfully. Furthermore, how
431  SUMOylation, which precedes PPl-mediated CARD dephosphorylation, influences MDAS
432 ISGylation, warrants further investigation. Regardless, our findings indicate that ISGylation of
433  MDAS acts analogously to the K63-linked ubiquitination of RIG-I in driving CARD-dependent
434  RLR-signal activation. Similar to K63-ubiquitination of the RIG-I CARDs, ISGylation is
435  dependent on PPl-mediated CARD dephosphorylation and promotes MDAS5 CARD
436  oligomerization and higher-order MDAS assemblies. Despite these functional commonalities,
437  ubiquitin and ISG15 have very distinct characteristics. Most notably, while ubiquitin is abundant
438  in both uninfected and infected cells, ISG15 expression is minimal under normal (uninfected)
439  conditions but is profoundly upregulated in response to IFN. Accordingly, the ISGylation of the
440  host proteome is strongly increased in response to viral infection/IFN stimulation; however, even
441  atbasal levels, ISG15 is conjugated to many host proteins, including MDAS as our work showed!”.
442  Thus, in viral infections exclusively sensed by MDAS, the low basal ISGylation activity of the cell
443  may be sufficient for immediate activation of MDAS, whose basal levels are also extremely low.
444  During viral infections that are sensed by multiple PRRs, MDAS ISGylation may be a “priming”
445  mechanism by which IFN induction and the ensuing ISG15 upregulation by immediate innate
446  sensors (e.g. RIG-I) primes MDAS to enter a ‘kick-start’ mode. This concept would be consistent
447  with the temporal role of RIG-I and MDAS5 during certain viral infections (for example,
448  flaviviruses such as WNV) where RIG-I acts early and MDAS signals later*!. Interestingly, unlike
449  MDAS, RIG-I has been shown to be negatively regulated by ISG15 (both covalent and noncovalent
450  ISG15 binding has been reported)?!: 22, Therefore, it is conceivable that the differential regulation

451  of RIG-I and MDAS by ISG15 may represent a mechanism of ‘sensor switching” where MDAS
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452  activation is promoted when ISG1S5 levels increase while, at the same time, RIG-I activity is being
453  dampened.

454 The K63-linked ubiquitination of RIG-I is antagonized by several viral pathogens using a
455  variety of mechanisms*?, We identified that SCoV2 PLpro antagonizes MDAS5 ISGylation (but not
456  RIG-I CARD K63-ubiquitination) via its enzymatic activity after binding to the sensor. Our data
457  also suggest that this immune evasion mechanism is likely conserved among several coronaviruses,
458  which needs to be further investigated in the context of authentic infection. Interestingly, recent
459  cryo-EM analyses revealed that the coronaviral Nsp3 protein is part of a molecular pore complex
460  that spans ER-derived double-membrane vesicles and exports newly-synthesized viral RNA®,
461  These results, combined with our findings identifying the MDAS-Nsp3(PLpro) interaction,
462  support a model in which MDAS may position itself in close proximity to the site of viral RNA
463  export to facilitate PAMP detection; however, the PLpro domain of Nsp3 (which is on the
464  cytoplasmic side) disarms MDAS signaling function through direct de-ISGylation. Instead of
465  direct de-ISGylation, some viruses may indirectly regulate MDAS ISGylation, such as through
466  manipulation of MDAS S88 phosphorylation, as seen for the MeV V protein. Future studies should
467  investigate the mechanistic details of viral evasion of ISG15-dependent MDAS activation and,
468 more broadly, the ISGylome manipulated by different viral pathogens that determines
469  pathogenesis.

470 Taken together, our study uncovers a prominent role for ISGylation in activating MDAS-
471  mediated immunity as well as its inhibition by SARS-CoV-2, unveiling a potential molecular

472  target for the design of therapeutics against COVID-19.
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635 FIGURE LEGENDS

636  Figure 1. ISGylation is required for MDAS-, but not RIG-I, signaling. (a, b) ELISA of IFN-f
637  from supernatants of MEFs (WT or Isgl5~") (a) and HeLa cells (WT or ISG15 KO) (b) transiently
638 transfected with increasing amounts of FLAG-tagged MDAS or RIG-I for 40 h. Whole cell lysates
639 (WCLs) were probed by immunoblotting (IB) with anti-ISG15, anti-FLAG, and anti-Actin
640  (loading control). (¢) ELISA of IFN-p from supernatants of WT or Isgl5~'~ MEFs that were mock-
641  stimulated or transfected with EMCV-RNA (0.1 or 0.4 pg/mL), HMW-poly (I:C) (0.5 pg/mL), or
642 RABVic (1 pmol/mL), or infected with SeV (10 HAU/mL) for 24 h. (d) Quantitative RT-PCR
643  (qRT-PCR) analysis of IJFNBI and CCL5 mRNA in WT and Isg/57~ MEFs stimulated as in (c).
644  (e) IRF3 phosphorylation in the WCLs of NHLFs that were transfected with the indicated siRNAs
645  for 30 h and then mock-stimulated or transfected with EMCV-RNA (0.4 pg/mL) or RABV1. (1
646  pmol/mL) for 6 h, assessed by IB with anti-pS396-IRF3 and anti-IRF3. (f) ELISA of IFN-8 from
647  supernatants of NHLFs that were transfected with the indicated siRNAs for 30 h and then mock-
648  stimulated or transfected with EMCV-RNA (0.4 pg/mL) or RABV1c (1 pmol/mL), or infected with
649  SeV (10 HAU/mL) for 16 h. (g) ELISA of IFN-B from the supernatants of PBMCs that were
650  transduced for 40 h with the indicated shRNAs and then infected with mutEMCV (MOI 10) or
651  SeV (200 HAU/mL) for 8 h. (h) qRT-PCR analysis of IFNA2 and IL-6 mRNA in PBMCs that
652  were transduced and infected as in (g). Data are representative of at least two independent
653  experiments (mean + s.d. of n = 3 biological replicates in a, b, c, d, f and mean of n = 2 biological
654  replicates in g and h). *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired Student’s #-test). ND, not

655  detected; NS, not significant.

656
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657  Figure 2. MDAS activation requires ISGylation at K23 and K43. (a) Endogenous MDAS
658  ISGylation in NHLFs that were mock-treated, transfected with HMW-poly (I:C) (0.1 pg/mL) for
659 40 h (left), or infected with DENV or ZIKV (MOI 1 for each) for 48 h (right), determined by
660  immunoprecipitation (IP) with anti-MDAS (or an IgG isotype control) followed by IB with anti-
661  ISGIS5 and anti-MDAS. WCLs were probed by IB with anti-ISG15 and anti-Actin (loading control).
662  (b) ISGylation of FLAG-tagged MDAS-2CARD and MDASACARD in transiently transfected
663  HEK293T cells that also expressed V5-ISG15, HA-UbelL, and FLAG-UbcHS, assessed by FLAG
664  pulldown (PD) and IB with anti-V5 and anti-FLAG forty hours after transfection. WCLs were
665 probed by IB with anti-HA, anti-FLAG, anti-V5, and anti-Actin. (¢) Endogenous MDAS
666  ISGylation in ISG15 KO HeLa cells stably reconstituted with vector, WT ISG15 or ISG15-AA
667  and co-transfected with HA-UbelL and FLAG-UbcHS after IFN-f treatment (1,000 U/mL) for 24
668  h, determined by IP with anti-MDAS and IB with anti-ISG15 and anti-MDAS. (d) ISGylation of
669  GST-MDAS-2CARD WT and K23R/K43R in HEK293T cells that were co-transfected with V5-
670 ISGI15, HA-UbelL, and FLAG-UbcHS for 24 h, determined by GST-PD and IB with anti-V5 and
671  anti-GST. (e) ISGylation of FLAG-tagged MDAS WT and K23R/K43R in HEK293T cells that
672  were co-transfected with V5-ISG15, HA-UbelL, and FLAG-UbcHS8, determined by FLAG-PD
673  and IB with anti-V5 and anti-FLAG. (f) [IFN-B-luciferase reporter activity in HEK293T cells that
674  were transfected for 40 h with vector, or FLAG-tagged MDAS WT or mutants. Luciferase activity
675 is presented as fold induction relative to the values for vector-transfected cells, set to 1. WCLs
676  were probed by IB with anti-FLAG and anti-Actin. (g) qRT-PCR analysis of /FNBI and CCLS
677 mRNA in HEK293T cells that were transiently transfected with either vector, or increasing
678 amounts of FLAG-tagged MDAS WT or K23R/K43R. (h) STATI phosphorylation and ISG

679  (IFIT1 and 2) protein abundance in the WCLs of HEK293T cells that were transiently transfected
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680  with vector or FLAG-tagged MDAS WT or K23R/K43R, determined by IB with anti-pY701-
681  STATI, anti-STATI, anti-IFIT1, anti-IFIT2, anti-FLAG (expression control) and anti-Actin
682  (loading control). (i) qRT-PCR analysis of IFNBI, CCL5, OASI, and RSAD2 mRNA in MDAS
683 KO SVGAs that were reconstituted with either empty vector or FLAG-tagged MDAS WT,
684  K23R/K43R or S88E. Data are representative of at least two independent experiments (mean + s.d.
685  of n=23biological replicates in f, g, and 1). *p <0.05, **p <0.01, ***p <0.001 (unpaired Student’s

686  t-test). NS, not significant.
687

688  Figure 3. CARD ISGylation is essential for formation of higher-order MDAS assemblies.
689  (a,b) Cytosol-mitochondria fractionation of WCLs from NHLFs that were transfected for 30 h
690  with non-targeting control siRNA (si.C) or ISG15-specific siRNA (si.ISG15) and then mock-
691 treated or transfected with EMCV-RNA (0.4 pg/mL) (a) or RABVic (1 pmol/mL) (b) for 16 h. IB
692  was performed with anti-MDAS (a), anti-RIG-I (b), anti-ISG15 and anti-Actin (a, b). a-Tubulin
693  and MAVS served as purity markers for the cytosolic and mitochondrial fraction, respectively (a,
694  b). (¢) Endogenous MDAS oligomerization in WT and Isg/57~ MEFs that were transfected with
695 EMCV-RNA (0.5 pg/mL) for 16 h, assessed by SDD-AGE and IB with anti-MDAS. WCLs were
696  further analyzed by SDS-PAGE and probed by IB with anti-MDAS5 and anti-Actin. (d)
697  Oligomerization of FLAG-MDAS-2CARD in HEK293T cells that were transfected with the
698  indicated siRNAs together with or without HA-UbelL and FLAG-UbcHS for 48 h, determined by
699  native PAGE and IB with anti-FLAG. WCLs were further analyzed by SDS-PAGE and probed by
700  IB with anti-FLAG, anti-HA, anti-ISG15, and anti-Actin. (e) Oligomerization of FLAG-MDAS
701  WT and K23R/K43R in transiently transfected MDAS5 KO HEK293 cells, assessed by SDD-AGE

702  and IB with anti-FLAG. WCLs were further analyzed by SDS-PAGE and IB with anti-FLAG and
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703  anti-Actin. (f) Oligomerization of FLAG-tagged MDAS WT and mutants in transiently transfected
704  MDAS5 KO HEK293 cells, assessed by native PAGE and IB with anti-MDAS. WCLs were further
705  analyzed by SDS-PAGE and probed by IB with anti-MDAS and anti-Actin. (g) IFN-B-luciferase
706  reporter activity in MDAS5 KO HEK293 cells that were transfected for 24 h with either empty
707  vector, or FLAG-tagged MDAS WT or mutants. Luciferase activity is presented as fold induction
708  relative to the values for vector-transfected cells, set to 1. Data are representative of at least two
709  independent experiments (mean + s.d. of n = 3 biological replicates in f). ***p < (0.001 (unpaired

710  Student’s z-test).
711

712 Figure 4. ISGylation is required for viral restriction by MDAS. (a) EMCV titers in the
713 supernatant of HEK293T cells that were transiently transfected for 40 h with either empty vector,
714 or FLAG-tagged MDAS WT or K23/K43R and then infected with EMCV (MOI 0.001) for 24 h,
715  determined by TCID50 assay. (b) Percentage of DENV-infected MDA5 KO HEK?293 cells that
716  were transiently transfected for 24 h with either empty vector or FLAG-tagged MDAS WT or
717  K23R/K43R and then mock-treated or infected with DENV (MOI 5) for 48 h, assessed by FACS
718  using an anti-flavivirus E (4G2) antibody. SSC, side scatter. (¢) ZIKV titers in the supernatant of
719  MDAS5 KO SVGAs that were transiently transfected for 30 h with either empty vector, or FLAG-
720  tagged MDAS WT, K23R/K43R, or S88E and then infected with ZIKV (MOI 0.1) for the indicated
721  times, determined by plaque assay. (d) SCoV?2 titers in the supernatant of HEK293T-hACE2 cells
722  that were transiently transfected for 24 h with either empty vector, or FLAG-tagged MDAS WT
723 or K23/K43R and then infected with SCoV2 (MOI 0.5) for 24 h, determined by plaque assay. (e)
724 Schematic of the experimental approach to decouple the role of ISG15 in MDAS-mediated IFN

725  induction from its role in dampening IFNAR signaling. (f) NHLF ‘donor’ cells were transfected
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726  for 40 h with the indicated siRNAs and then infected with mutEMCV (MOI 0.1) for 16 h. Cell
727  culture supernatants were UV-inactivated and transferred onto Vero ‘recipient’ cells for 24 h,
728  followed by infection of cells with ZIKV (MOI 0.002 to 2) for 72 h. ZIKV-positive cells were
729  determined by immunostaining with anti-flavivirus E (4G2) antibody and visualized using the KPL
730  TrueBlue peroxidase substrate. (g) RIG-I KO HEK?293 “donor’ cells were transfected for 24 h with
731  si.C or si.ISG15 and subsequently transfected with either empty vector or FLAG-tagged MDAS
732 WT or K23R/K43R for 24 h, followed by EMCYV infection (MOI 0.001) for 16 h. UV-inactivated
733 culture supernatants were transferred onto Vero ‘recipient’ cells for 24 h, followed by infection
734 with EMCV (MOI 0.001 to 0.1) for 40 h. EMCV-induced cytopathic effects were visualized by
735  Coomassie blue staining. Data are representative of at least two independent experiments (mean +

736  s.d. of n =3 biological replicates in a, b, ¢). **p < 0.01 (unpaired Student’s z-test).

737

738  Figure 5. SCoV2 PLpro binds to and de-ISGylates MDAS-2CARD. (a) Ribbon representation
739  of the crystal structure of the SCoV2 PLpro: ISG15 complex (PDB: 6YVA). Key residues that
740  mediate ‘site 1’ interaction (N156 and R166/E167) or ‘site 2’ interaction (F69) in PLpro, as well
741  as its catalytically-active site (C111), are indicated. (b) ISGylation of GST-MDAS5-2CARD in
742 HEK293T cells that were co-transfected for 20 h with vector or V5-tagged SCoV2 PLpro WT or
743  mutants, along with FLAG-ISG15, HA-UbelL, and FLAG-UbcHS, determined by GST-PD and
744 1B with anti-FLAG and anti-GST. WCLs were probed by IB with anti-V5, anti-HA, anti-FLAG,
745  and anti-Actin. (¢) Binding of HA-tagged MDAS or RIG-I to V5-SCoV2-PLpro or FLAG-MeV-
746 'V (control) in transiently transfected HEK293T cells, determined by HA-PD and IB with anti-V5
747  or anti-FLAG, and anti-HA. WCLs were probed by IB with anti-V5 and anti-FLAG. (d)

748  Oligomerization of FLAG-MDAS5-2CARD in HEK293T cells that were co-transfected with vector,
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749  or V5-SCoV2 PLpro WT or C111A for 24 h, assessed by Native PAGE and IB with anti-FLAG.
750  WCLs were further analyzed by SDS-PAGE and probed by IB with anti-FLAG, anti-V5 and anti-
751  Actin. (e) ISGylation of GST-MDAS5-2CARD in HEK293T cells that also expressed FLAG-ISG15,
752  HA-UbelL and FLAG-UbcHS, and were co-transfected for 40 h with vector or the indicated V5-
753  tagged coronaviral PLpro, determined by GST-PD and IB with anti-FLAG, anti-V5, and anti-GST.
754  Data are representative of at least two independent experiments.

755

756  Figure 6. SCoV2 PLpro inhibits ISG15-mediated MDAS signaling via its deISGylase activity.
757  (a) qRT-PCR analysis of IFNB1, IFNLI, ISG15, MDAS5, and RIG-I transcripts in NHLFs that were
758  transfected with the indicated siRNAs for 40 h and then transfected with mock-RNA or SCoV2-
759  RNA (0.4 pg/mL) for 24 h. (b) Binding of SCoV2 Nsp3 to endogenous MDAS in A549-hACE2
760  cells that were infected with SCoV2 (MOI 0.5) for 24 h, determined by IP with anti-MDAS (or an
761  IgG isotype control) followed by IB with anti-PLpro and anti-MDAS5. WCLs were probed by 1B
762  with anti-PLpro (Nsp3) and anti-Actin. (¢) Endogenous MDAS ISGylation in A549-hACE2 cells
763  that were mock-infected, or infected with SCoV2 or DENV (MOI 0.1 for each) for 48 h,
764  determined by immunoprecipitation (IP) with anti-MDAS followed by IB with anti-ISG15 and
765  anti-MDAS. Protein abundance of IFIT1, RSAD2, IFITM3, ISG15 and actin in the WCLs were
766  probed by IB. Efficient virus replication was verified by immunoblotting WCLs with anti-PLpro
767  (Nsp3) or anti-NS3 (DENV). (d) gRT-PCR analysis of /IFNB1, CCLS5, IFIT1 transcript, and EMCV
768  genomic RNA (gRNA) in HeLa cells that were transiently transfected for 24 h with vector, or V5-
769  SCoV2 PLpro WT or mutants and then infected with mutEMCV (MOI 0.5) for 12 h. (¢) EMCV
770  titers in the supernatant of R/IG-1 KO HEK?293 cells that were transiently transfected for 24 h with

771  vector or FLAG-MDAS5 along with V5-SCoV2 PLpro WT, CI111A, or R166S/E167R and then
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772 infected with EMCV (MOI 0.001) for 16 h, determined by plaque assay. (f) Protein abundance of
773  the indicated ISGs in the WCLs from the experiment in (¢), determined by IB with the indicated
774  antibodies. Data are representative of at least two independent experiments (mean + s.d. of n = 3

775  biological replicates in a, d, e). *p < 0.05, ***p <0.001 (unpaired Student’s ¢-test).
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776  ONLINE METHODS
777
778  Cell culture.

779 HEK293T (human embryonic kidney cells), Vero (African green monkey kidney epithelial
780  cells), BHK-21 (Baby hamster kidney), and Aedes albopictus clone C6/36 cells were purchased
781  from ATCC. Human peripheral blood monocuclear cells (PBMCs) were isolated from unidentified
782  healthy donor peripheral blood (HemaCare) and purified by Lymphoprep density gradient
783  centrifugation (STEMCELL Technologies). The WT and isogenic Isg/57~ MEFs (mouse
784  embryonic fibroblasts) were kindly provided by Deborah Lenschow (Washington University in St.
785  Louis). SVGAs (human fetal glial astrocytes) were kindly provided by Ellen Cahir-McFarland
786  (Biogen)!. SVGA MDAS5 KO cells were generated by CRISPR/Cas9-mediated genome editing
787  using a guide RNA (5'-AACTGCCTGCATGTTCCCGG-3'") targeting the exon 1 of IFIHI/MDAS.
788  The MDAS5 KO and RIG-I KO HEK293 cells were a gift from Jan Rehwinkel (University of
789  Oxford)?. The WT and isogenic ISG15 KO HeLa cells were kindly provided by Elmar Schiebel
790  (University of Heidelberg)®. ISG15 KO HeLa cells stably expressing FLAG-ISG15 WT or FLAG-
791  ISGI5 AA (GG156/157AA) were generated by lentiviral transduction followed by selection with
792  puromycin (2 pg/mL). HAP-1 WT and isogenic ISGI5 KO cells were purchased from Horizon
793  Discovery. HEK293T-hACE2 and Vero-E6-hACE2 were a gift from Jae U. Jung (Cleveland
794  Clinic). A549-hACE2 were kindly provided by Benjamin R. tenOever (Icahn School of Medicine
795  at Mount Sinai)*. HEK293T, HEK293, HeLa, MEFs, NHLFs, Vero, A549-hACE2, and BHK-21
796  cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) supplemented
797  with 10% (v/v) fetal bovine serum (FBS, Gibco), 2 mM GlutaMAX (Gibco), 1 mM sodium
798  pyruvate (Gibco), and 100 U/mL penicillin-streptomycin (Gibco). HEK293T-hACE2 and Vero-

799  E6-hACE2 were maintained in DMEM containing 200 pg/mL hygromycin B and 2 pg/mL
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800  puromycin, respectively. SVGA and HAP-1 cells were cultured in Eagle’s Minimum Essential
801  Medium (MEM, Gibco) and Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco), respectively,
802  supplemented with 10% FBS and 100 U/mL penicillin-streptomycin. PBMCs were maintained in
803  RPMI 1640 (Gibco) supplemented with 10% FBS and 100 U/mL penicillin-streptomycin. C6/36
804  cells were cultured in MEM with 10% FBS and 100 U/mL penicillin-streptomycin. Except for
805  C6/36 cells that were maintained at 28°C, all cell cultures were maintained at 37°C in a humidified

806 5% COs atmosphere.

807  Viruses.

808 DENYV (serotype 2, strain 16681) and ZIKV (strain BRA/Fortaleza/2015) were propagated
809  in C6/36 and Vero cells, respectively™ ¢. Encephalomyocarditis virus (EMCV, EMC strain) was
810  purchased from ATCC and propagated in HEK293T cells’. mutEMCV (EMCV-Zncioa/c224),
811  which carries two point mutations in the zinc domain of the L protein®, was kindly provided by
812  Frank J.M. van Kuppeveld (Utrecht University) and was propagated in BHK-21 cells. Sendai virus
813  (strain Cantell) was purchased from Charles River Laboratories. SCoV2 (strain 2019-
814 nCoV/USA WAI1/2020) was kindly provided by Jae U. Jung (Cleveland Clinic Lerner Research
815  Center) and was propagated in Vero E6-hACE2 cells. All work relating to SCoV2 live virus and
816  SCoV2-RNA was conducted in the BSL-3 facility of the Cleveland Clinic Florida Research and

817  Innovation Center in accordance with institutional biosafety committee (IBC) regulations.

818  DNA constructs and transfection.

819 The human MDAS ORF containing an N-terminal FLAG tag was amplified from the pEF-
820  Bos-FLAG-MDAS5’ and subcloned into pcDNA3.1/Myc-His B between Xhol and Agel. Site-
821  directed mutagenesis on pcDNA3.1-FLAG-MDAS5 (K23R/K43R, S88A, S88E, I841R/E842R,

822  D848A/F849A, and G74A/W75A) was introduced by overlapping PCR. HA-MDAS was cloned
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823  into pcDNA3.1(+) between Kpnl and Xhol. GST-MDAS5-2CARD (in pEBG vector) and its S88A,
824  S88D, SS88E derivatives were described previously’. The single (K23R, K43R, K68R, K128R,
825 KI37R, K169R, K174R, and K235R) and double (K23R/K43R) mutations of MDAS5-2CARD (aa
826  1-295) were introduced by site-directed mutagenesis into GST-MDAS5-2CARD. Additionally,
827  MDAS5-2CARD and its K23R/K43R mutant were subcloned into pcDNA3.1(-) harboring an N-
828  terminal 3XFLAG tag between Nhel and Notl. pCR3-FLAG-MV-V (strain Schwarz) was a gift
829  from Karl-Klaus Conzelmann (LMU, Munich). pEF-Bos-FLAG-NiV-V, pCAGGS-HA-MeV-V,
830 and pCAGGS-HA-MeV-VAtail were described previously’. Myc-tagged PIV2-V, MenV-V,
831 MPRV-V, and HeV-V constructs were kindly provided by Stephen Goodbourn (University of
832  London). FLAG-tagged PIV5-V, PIV2-V, MenV-V, MPRV-V, and HeV-V were subcloned into
833  pEF-Bos containing an N-terminal FLAG tag between Nofl and Sall. pEF-Bos-FLAG-MuV-V
834  was a gift from Curt Horvath (Addgene #44908'%). pCAGGS-V5-hISG15 was a gift from Adolfo
835  Garcia-Sastre (Icahn School of Medicine at Mount Sinai)!!. pCAGGS-HA-UbelL and pFLAG-
836 CMV2-UbcH8 were kindly provided by Jae U. Jung (University of Southern California).
837  pcDNA3.1-Myc-UBE2I was cloned by ligating a synthetic UBE2I ORF into pcDNA3.1/Myc-His
838 B between Hindlll and Nofl. FLAG-SUMOI1 was obtained from Florian Full (University of
839  Erlangen-Nuremberg, Germany). VS5-tagged SARS-CoV-PLpro, MERS-CoV-PLpro, NL63-
840  PLpro, MHV-PLP2 in pcDNA3.1-V5/His-B were kindly provided by Susan C. Baker (Loyola
841  University of Chicago). The SARS-CoV-2 PLpro ORF (aa. 746-1060) was amplified from
842  pDONR207 SARS-CoV-2 NSP3 (a gift from Fritz Roth; Addgene # 141257'2) and subcloned into
843  pcDNA3.1-V5. The CI111A, F69A, N156E, R166S/E167R mutations of SARS-CoV-2-PLpro
844  were introduced by site-directed mutagenesis. The correct sequence of all constructs was

845  confirmed by DNA sequencing. Transient DNA transfections were performed using linear
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846  polyethylenimine [1 mg/mL solution in 10 mM Tris-HCI (pH 6.8); Polysciences], Lipofectamine
847 2000 (Invitrogen), Lipofectamine LTX with Plus Reagent (Invitrogen), TransIT-HeLaMONSTER

848  (Mirus), or TransIT-X2 Transfection Reagent (Mirus) as per the manufacturers’ instructions.

849  Antibodies and other reagents.

850 Primary antibodies used in this study include anti-GST (1:5,000; Sigma-Aldrich), anti-V5
851  (1:5,000, R960-25; Novex), anti-FLAG (M2, 1:2,000; Sigma-Aldrich), anti-HA (1:3,000, HA-7;
852  Sigma-Aldrich), anti-Phospho-IRF-3 (Ser396) (1:1,000, D601M; CST), anti-IRF3 (1:1,000,
853  D6I4C; CST), anti-Phospho-STATI1 (Tyr701) (1:1,000, 58D6; CST), anti-IFIT1 (1:1,000, PA3-
854  848; Invitrogen and 1:1,000, D2X9Z; CST), anti-IFIT2 (1:1,000; Proteintech), anti-ISG15 (1:500,
855  F-9; Santa Cruz), anti-MAVS (1:1,000; CST), anti-RIG-I (1:2,000, Alme-1; Adipogen), anti-
856 MDAS5 (1:1,000, D74E4; CST), anti-Phospho-MDAS5 (Ser88)’, anti-PPla (1:2,000; Bethyl
857  laboratories), anti-PP1y (1:2,000; Bethyl laboratories), anti-USP18 (1:1000, D4E7; CST), anti-
858  RSAD?2 (1:1,000, D5T2X; CST), anti-PKR (1:1,000, D7F7; CST), anti-MX1 (1:1,000, D3W7I;
859  CST), anti-IFITM3 (1:1,000, DSE8G; CST), anti-ISG20 (1:1,000, PA5-30073; Invitrogen), anti-
860  ubiquitin (1:1,000, P4D1; Santa Cruz), anti-NS3%, anti-PLpro (Nsp3) (1:1,000, GTX135589;
861  GeneTex), anti-a-tubulin (1:1,000; CST), and anti-B-Actin (1:1,000, C4; Santa Cruz). Monoclonal
862  anti-MDAS antibody was purified from mouse hybridoma cell lines kindly provided by Jan
863  Rehwinkel (University of Oxford)?>. Monoclonal anti-IFNAR2 neutralizing antibody (1:250,
864 MMHAR-2) was obtained from PBL Assay Science. Monoclonal anti-flavivirus E antibody (4G2)
865  was purified from the mouse hybridoma cell line D1-4G2-4-15 (ATCC). Anti-mouse and anti-
866  rabbit HRP-conjugated secondary antibodies (1:2,000) were purchased from CST. Anti-FLAG M2
867 magnetic beads (Sigma-Aldrich), anti-FLAG agarose beads (Sigma-Aldrich), Glutathione

868  Sepharose 4B resin (GE Healthcare), and Protein G Dynabeads (Invitrogen) were used for protein
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869  immunoprecipitation. Protease and phosphatase inhibitors were obtained from Sigma-Aldrich.
870  Poly(I:C) (HMW)/LyoVec and Poly(I:C) (HMW) Biotin were obtained from Invivogen. Human

871  IFN-B was purchased from PBL Biomedical Laboratories.

872  Mass spectrometry.

873 Large-scale GST-pulldown and mass spectrometry (MS) analysis were performed as
874  previously described!* 4. Briefly, HEK293T cells were transfected with GST or GST-MDAS5-
875  2CARD, and the cells were collected at 48 h post-transfection and lysed in Nonidet P-40 (NP-40)
876  buffer [SO mM HEPES (pH 7.4), 150 mM NaCl, 1% (v/v) NP-40, 1 mM EDTA, and 1% protease
877  inhibitor cocktail (Sigma)]. Cell lysates were cleared by centrifugation at 20,000 xg at 4°C for 20
878  min, and cleared supernatants were subjected to GST-pulldown using glutathione Sepharose 4B
879  beads (GE Healthcare) at 4°C for 4 h. The beads were extensively washed with NP-40 buffer and
880  proteins eluted by heating in 5x Laemmli SDS sample buffer at 95°C for 5 min. Eluted proteins
881  wereresolved on a NuPAGE 4-12% Bis-Tris gel (Invitrogen) and then stained at room temperature
882  using the SilverQuest Silver Staining Kit (Invitrogen). The bands that were specifically present in
883  the GST-MDAS-2CARD sample, but not the GST control sample, were excised and analyzed by

884  LC-MS/MS (Taplin Mass Spectrometry Facility, Harvard University).

885 Immunoprecipitation and immunoblotting.

886 Cells were transfected with FLAG-MDAS5, GST-MDAS5-2CARD, or FLAG-MDAS5-
887  2CARD in the absence or presence of [ISGylation machinery components (i.e. HA-UbelL, FLAG-
888  UbcHS, and V5-ISG15) as indicated. Forty-eight hours later, cells were lysed in NP-40 buffer and
889  cleared by centrifugation at 20,000 xg at 4°C for 20 min. Cell lysates were then subjected to GST
890 or FLAG pulldown using glutathione magnetic agarose beads (Pierce) and anti-FLAG M2

891  magnetic beads (Millipore) at 4°C for 4 h or 16 h, respectively. The beads were extensively washed
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892  with NP-40 buffer and proteins eluted by heating in 1x Laemmli SDS sample buffer at 95°C for 5
893  min or by competition with FLAG peptide (Millipore) 4°C for 4 h. For endogenous MDAS
894  immunoprecipitation, NHLFs were stimulated with poly(I:C) (HMW)/LyoVec (0.1 pg/mL) or
895 infected with DENV or ZIKV at the indicated MOI for 40 h. Cell lysates were precleared with
896  Protein G Dynabeads (Invitrogen) at 4°C for 2 h and then incubated with Protein G Dynabeads
897  conjugated with the anti-MDAS antibody or an IgG1 isotype control (G3A1; CST) at 4°C for 4 h.
898  The beads were washed four times with RIPA buffer [20 mM Tris-HCI (pH 8.0), 150 mM NaCl,
899 1% (v/v) NP-40, 1% (w/v) deoxycholic acid, 0.01% (w/v) SDS] and protein eluted in 1x Laemmli
900  SDS sample buffer. Protein samples were resolved on Bis-Tris SDS-PAGE gels, transferred onto
901  polyvinylidene difluoride (PVDF) membranes (Bio-Rad), and visualized using the SuperSignal
902  West Pico PLUS or Femto chemiluminescence reagents (Thermo Scientific) on an ImageQuant

903  LAS 4000 Chemiluminescent Image Analyzer (General Electric) as previously described®.

904 Enzyme-linked immunosorbent assay (ELISA).
905 Human or mouse IFN-B in the culture supernatants of NHLFs, HelLa, and MEFs was
906  determined by ELISA using the VeriKine Human Interferon Beta ELISA Kit or VeriKine Mouse

907 Interferon Beta ELISA Kit (PBL Assay Science) as previously described’.

908 siRNA- and shRNA-mediated knockdown.

909 Transient knockdown in NHLFs, HeLa, HAP-1, HEK293T, and HEK293 cells was
910  performed using non-targeting or gene-specific SiGENOME SMARTpool siRNAs (Dharmacon).
911  These are the Non-Targeting siRNA Pool #2 (D-001206-14), IFIHI (M-013041-00), DDX58 (M-
912  012511-01), PPP1CA (M-008927-01), PPP1CC (M-006827-00) and ISG15 (D-004235-17 and D-
913  004235-18). Transfection of siRNAs was performed using the Lipofectamine RNAIMAX

914  Transfection Reagent (Invitrogen) as per the manufacturer’s instructions. Scrambled shRNA
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915  control lentiviral particles and shRNA lentiviral particles targeting ISG15 (TL319471V) or IFIH1
916  (TL303992V) were purchased from OriGene. Lentiviral transduction of human PBMCs (1 x10°
917  cells; MOI 8) was performed in the presence of 8 ug/mL polybrene (Santa Cruz). Knockdown

918 efficiency was determined by qRT-PCR or immunoblotting as indicated.

919  Quantitative real-time PCR (qRT-PCR).

920 Total RNA was purified using the E.Z.N.A. HP Total RNA Kit (Omega Bio-tek) as per the
921  manufacturer’s instructions. One-step qRT-PCR was performed using the SuperScript I1I Platinum
922 One-Step qRT-PCR Kit (Invitrogen) and predesigned PrimeTime qPCR Probe Assays (IDT) on a
923 7500 Fast Real-Time PCR System (Applied Biosystems). Relative mRNA expression was
924  normalized to the levels of GAPDH and expressed relative to the values for control cells using the

925  AACt method.

926  Luciferase reporter assay.

927 IFN-B reporter assay was performed as previously described'. Briefly, HEK293T or
928 MDA5 KO HEK293 cells were transfected with IFN-B luciferase reporter construct and [-
929  galactosidase (B-gal) expressing pGK-B-gal, along with GST-MDAS5-2CARD (WT or mutants) or
930 FLAG-MDAS (WT or mutants). At the indicated time points after transfection, luciferase and -
931  gal activities were determined using respectively the Luciferase Assay System (Promega) and -
932  Galactosidase Enzyme Assay System (Promega) on a Synergy HT microplate reader (BioTek).
933  Luciferase activity was normalized to B-gal values, and fold induction was calculated relative to

934  vector-transfected samples, set to 1.

935  Cytosol-mitochondria fractionation assay.
936 The cytosol-mitochondria  fractionation assay was performed wusing a

937  Mitochondria/Cytosol Fractionation Kit (Millipore) as previously described™ ©. Briefly, NHLFs
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938  were transfected for 24 h with either non-targeting control siRNA or ISG15-specific siRNA and
939  then transfected with EMCV-RNA or RABVL. for 16 h. Cells were homogenized in an isotonic
940  buffer using a Dounce homogenizer and the lysates were centrifuged at 600 xg to pellet the nuclei
941  and unbroken cells. The supernatant was further centrifuged at 10,000 xg at 4°C for 30 min to
942  separate the cytosolic (supernatant) and mitochondrial (pellet) fractions. The protein concentration
943  of both fractions was determined by a bicinchoninic acid (BCA) assay (Pierce), and equal amounts
944  of proteins were analyzed by immunoblotting. Anti-a-tubulin and anti-MAVS immunoblotting

945  served as markers for the cytosolic and mitochondrial fractions, respectively.

946  In vitro RNA-binding assay.

947 WT and Isg/57~ MEFs were stimulated with IFN-B (1,000 U/mL) for 24 h. Cells were
948 lysed in a buffer containing 50 mM HEPES (pH 7.4), 200 mM NaCl, 1% (v/v) NP-40, 1 mM
949  EDTA, and 1x protease inhibitor cocktail (Sigma). NeutrAvidin agarose beads (Pierce) were
950  conjugated with the biotinylated HMW-Poly(I:C) at 4°C for 4 h. Cell lysates were incubated with
951  the conjugated beads at 4°C for 16 h. The beads were washed three times with lysis buffer and
952 then boiled at 95°C in 1x Laemmli SDS sample buffer to elute the proteins. Precipitated proteins
953  were resolved on Bis-Tris SDS-PAGE gels and analyzed by IB with anti-MDAS5. Equal input

954  MDAS protein amounts were confirmed by IB with anti-MDAS.

955  Native PAGE.

956 Native PAGE for analyzing endogenous IRF3 dimerization was performed as previously
957  described'®. For measuring MDAS5 oligomerization, HEK293T or HEK293 MDA5 KO cells were
958  transfected with WT or mutant FLAG-MDAS-2CARD or FLAG-MDAS as indicated. Twenty-
959  four hours later, cells were lysed in 1x NativePAGE sample buffer (Invitrogen) containing 1%

960  (v/v) NP-40 on ice for 30 min and then lysates were cleared by centrifugation at 16,000 xg at 4°C
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961  for 10 min. Cleared lysates were resolved on a 3-12% Bis-Tris NativePAGE gel (Invitrogen) as

962  per the manufacturer's instructions and analyzed by immunoblotting with the indicated antibodies.

963  Semi-denaturating detergent agarose gel electrophoresis (SDD-AGE).

964 MDAS oligomerization in MEFs transfected with EMCV-RNA, or in HEK293 MDA5 KO
965  cells reconstituted with WT or mutant FLAG-MDAS, was determined by SDD-AGE as previously
966  described with modifications!’. Briefly, cells were lysed in a buffer containing 50 mM HEPES
967 (pH 7.4), 150 mM NaCl, 0.5% (v/v) NP-40, 10% (v/v) glycerol, and 1x protease inhibitor cocktail
968  (Sigma) at 4°C for 20 min. Cell lysates were cleared by centrifugation at 16,000 xg at 4°C for 10
969  min and then incubated on ice for 1 h. Cell lysates were subsequently incubated in 1x SDD-AGE
970  buffer (0.5x TBE, 10% (v/v) glycerol, and 2% (w/v) SDS) for 15 min at room temperature and
971  resolved on a vertical 1.5% agarose gel containing 1x TBE and 0.1% (w/v) SDS at 80 V for 90
972  min at 4°C. Proteins were transferred onto a PVDF membrane and analyzed by immunoblotting

973  with the indicated antibodies.

974  Viral RNA purification.

975 EMCV-RNA was produced as previously described’. Briefly, Vero cells were infected with
976  EMCV (MOI 0.1) for 16 h, and total RNA was isolated using the Direct-zol RNA extraction kit
977  (Zymo Research) as per the manufacturer’s instructions. Mock-RNA and SCoV2-RNA were
978  produced by isolating total RNA from uninfected or SCoV2-infected (MOI 1 for 24 h) Vero-
979  hACE2 cells. RABVL. was generated by in vitro transcription using the MEGAshortscript T7

980  Transcription Kit (Invitrogen) as previously described!®.

981  Virus infection and titration.
982 All viral infections were performed by inoculating cells with the virus inoculum diluted in

983 MEM or DMEM containing 2% FBS. After 1-2 h, the virus inoculum was removed and replaced
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984  with the complete growth medium (MEM or DMEM containing 10% FBS) and cells were further
985  incubated for the indicated times. EMCYV titration was performed either on Vero cells using the
986  median tissue culture infectious dose (TCID50) methodology as previously described!®, or on
987  BHK-21 cells by the standard plaque assay. The titers of ZIKV were determined by plaque assay
988  on Vero cells as previously described®. Titration of SCoV2 was performed on Vero-hACE2 cells

989 by plaque assay.

990  Flow cytometry.

991 To quantify the percentage of DENV-infected cells, reconstituted HEK293 MDAS5 KO cells
992  were washed with PBS (Gibco) and fixed with 4% (v/v) formaldehyde in PBS at room temperature
993  for 30 min. Cells were subsequently permeabilized with 1x BD Perm/Wash buffer (BD
994  Biosciences) for 15 min and incubated with an anti-flavivirus E antibody (4G2; 1:100 in 1x BD
995  Perm/Wash buffer) at 4°C for 30 min. Cells were further washed three times with 1x BD
996  Perm/Wash buffer and incubated with a goat anti-mouse Alexa Fluor 488-conjugated secondary
997  antibody (#A 10667, 1:500 in 1x BD Perm/Wash buffer; Invitrogen) at 4°C for 30 min in the dark.
998  After washing three times with 1x BD Perm/Wash buffer, cells were analyzed on a FACSCalibur

999  flow cytometer (BD Biosciences). Data analysis was performed using the FlowJo software.

1000  Virus protection assay.

1001 The culture supernatants from mutant or WT EMCV-infected NHLFs or RIG-I KO
1002  HEK293 cells were UV-inactivated in a biosafety cabinet under a UV-C lamp (30W) at a dose of
1003 5,000 wJ/cm? for 15 min. Complete inactivation of EMCV was confirmed by plaque assay on
1004  BHK-21 cells. The inactivated supernatants were then transferred onto fresh Vero cells for 24 h,
1005  and the primed Vero cells were subsequently infected with ZIKV (MOI 0.002 to 2) for 72 h, or

1006  with EMCV (MOI 0.001 to 0.1) for 40 h. ZIKV-positive cells were determined by immunostaining
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with anti-flavivirus E antibody (4G2) and visualized using the KPL TrueBlue peroxidase substrate

(SeraCare). EMCV-induced cytopathic effect was visualized by Coomassie blue staining.
Statistical analysis.

Unpaired Student’s ¢ test was used to compare differences between two experimental
groups in all cases. Significant differences are denoted by *p <0.05, **p <0.01, or ***p <0.001.
Pre-specified effect sizes were not assumed, and in general, three biological replicates (n) for each

condition were used.
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1014 DATA AVAILABILITY

1015  The data that support the findings of this study are available from the corresponding author upon

1016  request.
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