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ABSTRACT 23 

 24 

 Coxsackievirus A16 (CV-A16), A6 (CV-A6), and enterovirus D68 (EV-D68) belong to 25 

the Picornaviridae family and are major causes of hand, foot, and mouth disease (HFMD) and 26 

pediatric respiratory disease worldwide. The biological characteristics of these viruses, especially 27 

their interplay with the host innate immune system, have not been well investigated. In this 28 

study, we discovered that the 3Cpro proteins from CV-A16, CV-A6, and EV-D68 bind MDA5 29 

and inhibit its interaction with MAVS. Consequently, MDA5-triggered type I IFN signaling in 30 

the RLR pathway was blocked by CV-A16, CV-A6, and EV-D68 3Cpro. Furthermore, CV-A16, 31 

CV-A6, and EV-D68 3Cpro all cleave TAK1, resulting in inhibition of NF-κB activation, a host 32 

response also critical for toll-like receptor (TLR) mediated signaling. Thus, our data demonstrate 33 

that circulating HFMD-associated CV-A16 and CV-A6, as well as severe respiratory disease-34 

associated EV-D68, have developed novel mechanisms to subvert host innate immune responses 35 

by targeting key factors in the RLR and TLR pathways. Blocking the ability of 3Cpro from 36 

diverse enteroviruses and coxsackieviruses to interfere with type I IFN induction should restore 37 

IFN anti-viral function, offering a potential novel anti-viral strategy. 38 

 39 

Key words: MDA5; TAK1; MAVS; 3C protease; CV-A16; CV-A6; EV-D68; HFMD; innate 40 

immune response 41 
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IMPORTANCE 46 

 47 

 CV-A16, CV-A6, and EV-D68 are emerging pathogens associated with hand, foot, and 48 

mouth disease and pediatric respiratory disease worldwide. The pathogenic mechanisms of these 49 

viruses are largely unknown. Here we demonstrate that the CV-A16, CV-A6, and EV-D68 3Cpro 50 

protease blocks MDA5-triggered type I IFN induction. 3Cpro of these viruses binds MDA5 and 51 

inhibits its interaction with MAVS. In addition, CV-A16, CV-A6, and EV-D68 3Cpro cleaves 52 

TAK1 to inhibit the NF-κB response. Thus, our data demonstrate that circulating HFMD-53 

associated CV-A16 and CV-A6, as well as severe respiratory disease-associated EV-D68, have 54 

developed a mechanism to subvert host innate immune responses by simultaneously targeting 55 

key factors in the RLR and TLR pathways. These findings indicate the potential merit of 56 

targeting CV-A16, CV-A6, and EV-D68 3Cpro as an anti-viral strategy.  57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 
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INTRODUCTION 69 

 70 

 Hand, foot, and mouth disease (HFMD) is a common infectious disease among young 71 

children. Enterovirus 71 (EV-A71, EV71) and coxsackievirus A16 (CV-A16, CA16) are most 72 

frequently associated with HFMD worldwide. Extensive studies have focused on EV-A71 73 

because of its association with severe complications involving the central nervous system and 74 

significant mortality (1, 2). However, since the CV-A16-related outbreak of HFMD occurred in 75 

England in 1994 (3), accumulating evidence has demonstrated that CV-A16 infection can also 76 

cause severe neurological complications (4) and death (5, 6). Recently, coxsackievirus A6 (CV-77 

A6) infection has also been increasingly associated with HFMD outbreaks around the world (7-78 

17). Further, enterovirus D68 (EV-D68) has been linked to severe respiratory disease worldwide 79 

in recent years. To date, no effective vaccines or treatments for enterovirus or coxsackie virus 80 

infection are available. 81 

     The interferon induction pathway is commonly targeted by viruses. Host cells orchestrate the 82 

production of type I interferons (IFNs) upon detection of invading viral pathogens. To 83 

antagonize viral invasion, pathogen-associated molecular patterns (PAMPs) are sensed by 84 

cellular pattern recognition receptors (PRRs) to activate the type I IFN induction signaling 85 

pathway (18, 19). The retinoic acid-inducible gene-I-like receptors (RLRs), are PRRs that play a 86 

pivotal role in the innate immune system. The members of the RLR family, including Retinoic 87 

Acid Inducible Gene-I (RIG-I), Melanoma Differentiation-Associated gene 5 (MDA5), and 88 

Laboratory of Genetics and Physiology 2 (LGP2), are located in the cytoplasm and monitor for 89 

the presence of viral RNA (20). RIG-I and MDA5 belong to the family of DExD/H box RNA 90 

helicases that contain two caspase-activation and recruiting domains (CARD) at their N termini  91 
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and a single DExD/H box RNA helicase domain at their C termini (CTD). Upon RNA viral 92 

infection, the CTD domains of RIG-I and MDA5 sense viral RNA that bears a 5’-triphosphate 93 

group and long kilobase-scale genomic RNA, respectively, which are both lacking in host 94 

mRNA (21-26). After binding viral RNA, RIG-I and MDA5 undergo conformational changes 95 

and transduce signals to the downstream adaptor MAVS (virus-induced signaling adapter, also 96 

named VISA, Cardif or IPS-1) (27-29) through a CARD-CARD interaction. As a result, TRAFs, 97 

IKKε, and TBK1 are recruited by the MAVS signaling complex.  IKKε and TBK1 then 98 

phosphorylate MAVS which results in recruitment of IRF3 for its phosphorylation. Furthermore, 99 

phosphorylated IRF3 subsequently forms a dimer and translocates into the nucleus to activate the 100 

IFN promoter (30). 101 

     For the Nuclear Factor Kappa-light-chain-enhancer of activated B cells(NF- κB) activation 102 

pathway, transforming growth factor-β-activated kinase 1 (TAK1) is a key player. In mammalian 103 

cells, TAK1 forms a complex with TAK1 binding proteins 1, 2, and 3 (TAB1, 2, 3), which can 104 

recruit adaptor proteins, such as TRAF6, to activate TAK1. TAK1 activation phosphorylates and 105 

activates the IKK complex (IKKβ, IKKα, and NEMO), leading to activation of NF-κB(31). 106 

     CV-A16, along with EV-A71, EV-D68 and CV-A6, is a positive-stranded RNA virus 107 

belonging to the Picornaviridae family. Like other members of the family, CV-A16 encodes 108 

only one single open reading frame, which can be processed into four structural (VP1, VP2, 109 

VP3, and VP4) and seven nonstructural (2A, 2B, 2C, 3A, 3B, 3C, and 3D) proteins upon viral 110 

infection(1). Among them, the EV-A71 3C protease (3Cpro) is one of the most versatile 111 

functional proteins. It possesses both proteolytic and RNA binding activities (32, 33), which 112 

enable the protease to perform multiple tasks in systems involving viral replication and 113 

pathogen-host interaction. Increasing evidence suggests that the EV-A71 3Cpro targets innate 114 
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immune factors, such as RIG-I, TRIF, IRF7/9, the TAK1/TAB1/TAB2/TAB3 complex, and 115 

NLRP3, to modulate type I IFN and cytokine responses(34-38). Recently, EV-D68 3Cpro has 116 

been reported to target IRF7 and TRIF to disable innate sensing responses(39, 40). However, 117 

little is known about CV-A16 and CV-A6 3Cpro function in innate immunity.  118 

    Here, we demonstrate that the CV-A16, CV-A6, and EV-D68 3Cpro blocks MDA5-triggered 119 

type I IFN induction. CV-A16 3Cpro binds MDA5 and inhibits its interaction with MAVS. In 120 

addition, CVA-16, CV-A6, and EV-D68 3Cpro cleaves TAK1 to inhibit the NF- κB response. 121 

Thus, our data demonstrate that circulating HFMD-associated CV-A16 and CV-A6, as well as 122 

severe respiratory disease-associated EV-D68, have developed a mechanism to subvert host 123 

innate immune responses by simultaneously targeting key factors in the RLR and TLR pathways. 124 

These findings indicate the potential merit of targeting CV-A16, CV-A6, or EV-D68 3Cpro as 125 

anti-viral therapy. 126 

 127 

 128 

 129 

 130 

 131 
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 134 

 135 

 136 

  137 
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MATERIALS AND METHODS 138 

 139 

Cell lines and viruses. Human embryonic kidney 293T (HEK293T, CRL-11268) cells and 140 

human rhabdomyosarcoma RD cells (CCL-136) were purchased from ATCC and maintained in 141 

Dulbecco’s modified Eagle’s medium (DMEM) containing 10% heat-inactivated fetal bovine 142 

serum (FBS) (HyClone, Logan, UT), 100U/mL penicillin, and 100μg/mL streptomycin, at 37°C 143 

in a 5% CO2 humidified atmosphere. Sendai virus (SeV) was kindly provided by Dr. Tao Wang 144 

(Tianjin University) and Dr. Junliang Chang (Jilin University). 145 

   146 

Antibodies and reagents. The following antibodies were used for western blotting analysis in 147 

this study: anti-Flag monoclonal M2 antibody (F1804-1MG; Sigma), anti-Myc (9E10) 148 

monoclonal antibody (MMS-150P; Covance), anti-HA monoclonal antibody (MMS-101R; 149 

Covance), anti-Tubulin monoclonal antibody (MMS-410P; Covance), anti-V5 antibody (V8012, 150 

Sigma), VP1 antiserum against CA16 obtained from rabbits immunized with CA16 CC024, 151 

RIG-I (D14g6) rabbit antibody (#3743; Cell Signal), Cardif (human) antibody (AT107) (ALX-152 

210-929-C100; Enzo Life Sciences), MDA5 (human) polyclonal antibody (AT113) (ALX-210-153 

935-C100; Enzo Life Sciences), TAK1 antibody (2E10; NOVUS) and anti-p-IRF3 monoclonal 154 

antibody (AB76493; Abcam). Poly I:C was purchased from Guandong South China 155 

Pharmaceutical Co., LTD. 156 

 157 

Plasmids. Flag-MAVS, V5-TBK1, Flag-IKKε, Flag-IRF3, Flag-IRF7 and firefly luciferase 158 

reporter plasmids for IFNβ were kindly provided by Dr. Tao Wang (Tianjin University). NF-κB 159 

luciferase reporter plasmid (Promega, E8491) was kindly provided by Dr. Yong Cai (College of 160 
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Life Science, Jilin University, China). Flag-TAK1 was generously gifted by Dr.Mingyu Lv (Jilin 161 

University, China). Flag-RIG-IN (CARD domain) were generously gifted by Dr. Jinhua Yang 162 

(Baylor College of Medicine, Houston, TX, US) (41). Flag-MDA5-N (1-213AA) was amplified 163 

from template (purchased from Fitgene Company, Shanghai) and cloned into the SalI and BamH 164 

I sites of VR1012 vector. Flag-IRF3-5D was constructed by Generay Biotech Co. Ltd. 165 

(Shanghai, China). Flag-TLR3 was purchased from Addgene. 3C ORFs of CV-A16 CC024 166 

strain (Genbank #KF055238.1), EV-A71 063 strain (Genbank #HQ647172.1), CV-A6 167 

(Changchun046/CHN/2013 7434 KT779410), and EV-D68 Fermon (AY426531.1) were cloned 168 

into VR1012-HA-Flag vector using the Sal I and BamH I sites. CV-B3 (JX312064.1) 3C 169 

expression vector was obtained from Generay Biotech Co. Ltd and the 3C containing DNA 170 

fragment was cloned into VR1012 vector using the Sal I and BamH I sites. CV-A16, EV-D68, 171 

and CV-A6 3C H40D plasmids were obtained by single site mutation. 172 

 173 

Luciferase reporter assay. HEK293T cells were plated into 24-well dishes and transfected the 174 

following day. 100 ng of the reporter plasmid for IFN-β, NF-κB promoters, 1ng Renilla 175 

luciferase control plasmid (pRL-TK), and the indicated amounts of the expression plasmids were 176 

used per well. 24h post-transfection, cells were infected with SeV (20HA/mL) or left uninfected 177 

for 18h. Luciferase activities were then measured using a Dual-Luciferase Reporter Assay 178 

System (Promega, Madison, WI) according to the manufacturer’s instructions. Firefly luciferase 179 

activity was normalized to Renilla luciferase activity. Finally, the relative luciferase activities 180 

(Rel. Lucif. Act.) were expressed as fold changes over the empty plasmids transfected or SeV 181 

non-infected controls. 182 

 183 
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CPE observation. For observing CPEs, RD cells were grown on a culture dish and infected by 184 

CV-A16, CV-A6 or EV-D68 (MOI of 0.5) and treated with IFN alpha2 (1000U/mL, Changchun 185 

Institute of Biological Products) separately or both at the indicated time points. Morphological 186 

changes were observed and photographed under a light microscope (Olympus IX51, Tokyo, 187 

Japan). 188 

     189 

RNA extraction and quantitative real-time PCR. Total RNA was extracted from cells by 190 

using  Trizol (Invitrogen, Carlsbad, CA). Reverse transcription was carried out in a 20 µL 191 

volume using a Superscript cDNA synthesis kit (Invitrogen, Carlsbad, CA) according to the 192 

manufacturer's instructions. The quantitative real-time polymerase chain reaction (qPCR) was 193 

carried out on an Mx3005P instrument (Agilent Technologies, Stratagene, USA) using the 194 

Master Mix (SYBR Green) Kit (Bio-Rad) and primers designed using the VP1 conserved region 195 

sequences of CA16 as follows: CA16-F1, CATGCAGCGCTTGTGCTT; CA16-F2, 196 

CATGCAACGACTGTGCTTTC; CA16-R1, CACACAATTCCCCCGTCTTAC; CA16-R2, 197 

CATAATTCGCCCGTTTTGCT. GAPDH as control: GAPDH-F: 198 

CCCATCACCATCTTCCAGG; GAPDH-R: TTCTCCATGGTGGTGAAGAC. IFNB-F, 199 

CACTGGCTGGAATGAGACT ; IFNB-R, TTTCGGAGGTAACCTGTAAG ; IKBA-F, 200 

CGGCCTGGACTCCATGAAAG ; IKBA-R, CCTTCAC CTGGCGGATCACT ; IL-8-F, 201 

CGGAAGGAACCATCTCACTGTG ; IL-8-R, AGAAATCAGGAAGGCTGCCAAG. The 202 

qPCR assay was carried out in a 20 µL volume consisting of 10 µL of 2× SYBR Green Mix 203 

solution, 0.4µL of 5 µmol/L of each oligonucleotide primer and 2 µL of cDNA template. The 204 

target fragment amplification was carried out as follows: 50℃ for 2 min, then 95 ℃ for 10 min 205 
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followed by 50 cycles consisting of 95 ℃ for 15s and 60℃ for 1 min. The melting curve analysis 206 

was 90℃ for 1 min, then 55℃ for 30s and 95℃ for 30s. 207 

Determination of Viral Titer. Virus titers were determined using the median end point of the 208 

cell culture’s infectious dose (CCID50). Serially-diluted viruses were added to RD cells grown in 209 

96-well plates, and 8 replicate samples were used for each dilution. CCID50 values were 210 

measured by counting infected RD cell culture wells with obvious CPEs and calculated by the 211 

Reed–Muench method(42).  212 

Immunoprecipitation (Co-IP). After 48h transfection, cells were harvested and lysed with lysis 213 

buffer (50mM Tris-HCl, pH7.5, 150mM NaCl, 0.5% NP-40) containing a protease inhibitor 214 

cocktail (Roche, Indianapolis, IN). Lysates of cells were incubated with anti-Flag affinity matrix 215 

(Sigma A-2220) or anti-HA affinity (Roche) at 4°C overnight on a rotator. After washing with 216 

wash buffer ( 20mM Tris-Cl, pH7.5, 100mM NaCl, 0.05% Tween-20, 0.1mM EDTA) six times, 217 

50μl of elution buffer (100mM Glycine-HCl, pH2.5) was added to re-suspend the beads and the 218 

eluted proteins were obtained by centrifugation, followed by SDS-PAGE and WB analysis. 219 

 220 

Western blot analysis. Cells were harvested and lysed in RIPA lysis buffer  (50mM Tris-HCl, 221 

pH7.5, 150mM NaCl, 1% NP40), and lysate was cleared by centrifugation at 16,000 g at  4°C for 222 

5 min. Total cell extracts were subject to SDS-PAGE and transferred to nitrocellulose 223 

membranes (10401196; Whatman). After blocking with 5% nonfat dry milk in TBST for 1h at 224 

room temperature (RT), membranes were incubated with the indicated primary antibodies at 4°C 225 

overnight and then the corresponding alkaline phosphatase (AP)-conjugated secondary 226 

antibodies (Sigma) for 1h at RT. After three washes with TBST, the blots were reacted with 227 
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nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3’-indolylphosphate (BCIP) (Sigma). About 228 

endogenous TAK1, MDA5 and MAVS protein were detected by HRP-conjugated secondary 229 

antibody (Cell Signal) for 1h at RT. After three washes with TBST, the membranes were reacted 230 

with ECL sensitive kit (B500023; Proteintech) and developed by azure system c500. 231 

 232 

Statistical analysis. Data in the luciferase reporter assay and qRT-RCR results were presented as 233 

the mean and standard error. Viral titers were analyzed using GraphPad Prism 6 software 234 

(GraphPad Software, La Jolla, CA, USA). Differences among groups were analyzed by an 235 

ANOVA test (Stata Corp, College Station, TX). P values <0.05 (significant) were considered 236 

significant. 237 

 238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 
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 251 

RESULTS 252 

 253 

Type I interferon induces potent CV-A16 inhibition. Type I IFNs are early host responses to 254 

virus infection and can induce broad anti-viral effects. Whether CV-A16 replication could be 255 

influenced by type I IFNs is not fully known. To address this question, we first treated 256 

susceptible RD cells with 1000U/mL of IFN-α2 for twelve hours. IFN-α2 treated or untreated 257 

RD cells were then infected with equal amounts of CV-A16 virus. Viral replication was 258 

monitored by the appearance of cytopathic effect (CPE) in the cell culture. In untreated RD cells, 259 

significant CPE was observed at 72 hours after infection. As expected, no CPE was observed in 260 

uninfected RD cells (Fig. 1A). IFN-α2 treatment resulted in significant viral inhibition as 261 

indicated by the reduced appearance of CPE in RD cells infected with CV-A16 (Fig. 1A). 262 

Reduced CV-A16 replication due to IFN-α2 treatment was also evaluated by monitoring viral 263 

RNA levels in infected RD cells. In IFN-α2 treated RD cells, the level of CV-A16 RNA was 264 

reduced by >90% when compared to that of virus-infected RD cells in the absence of IFN-α2 265 

treatment (Fig. 1B).  266 

Reduced CV-A16 virus production due to IFN-α2 treatment was also evaluated by 267 

monitoring viral titer from infected RD cells at different time points. In IFN-α2 treated RD cells, 268 

the viral titer was reduced significantly when compared to that of virus-infected RD cells in the 269 

absence of IFN-α2 treatment at different time points (Fig. 1C). These data establish that type I 270 

IFN can induce potent inhibition of CV-A16 replication.  271 

 Type I IFN treatment also resulted in significant viral inhibition of CV-A6 (Fig. 2A) and 272 

EV-D68 (Fig. 2B), as indicated by the reduced appearance of CPE in RD cells infected with 273 
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these viruses. Reduced CV-A6 (Fig. 2C) or EV-D68 (Fig. 2D) replication due to IFN-α2 274 

treatment was also evaluated by monitoring viral titers from infected RD cells. In IFN-α2 treated 275 

RD cells, the level of CV-A6 or EV-D68 viral titer was reduced significantly at different time 276 

points when compared to that of virus-infected RD cells in the absence of IFN-α2 treatment (Fig. 277 

2). These data establish that type I IFNs can induce potent inhibition of CV-A16, CV-A6, and 278 

EV-D68.  279 

 280 

CV-A16, CV-A6, and EV-D68  suppress the type I IFN response triggered by RNA virus 281 

infection. It has been established that infection with the RNA virus Sendai (SeV) can stimulate 282 

the expression of interferons in mammalian cell lines (43, 44). Whether CV-A16 infection 283 

activates the innate immune system has not been widely explored. Since type I IFNs can induce 284 

potent viral inhibition, CV-A16 may have to avoid type I IFN induction during viral infection. 285 

To identify how CV-A16 affects the innate immune pathway, we first determined whether it can 286 

stimulate a type I IFN response. The IFN-β luciferase reporter(34) and an internal control pRL-287 

TK renilla reporter (34) were co-transfected into HEK293T cells with CV-A16 or EV-A71 288 

infectious clones or a control vector plus pT7 RNA polymerase. At 24 hours post-transfection, 289 

cells were infected with SeV or left uninfected for 18 hours. IFN-β promoter activity (as 290 

monitored by luciferase activity) was then measured. CV-A16 replication did not trigger IFN-β 291 

production (Fig. 3). As shown in Fig.3A, SeV infection stimulated IFN-β promoter activity (line 292 

2) almost 50-fold when compared to the uninfected cells (lane 1). In contrast, CV-A16 293 

replication in HEK293T cells showed no stimulation of the IFN-β promoter (lane 3). HEK293T 294 

cells were sensitive to CV-A16 infection, resulting in the appearance of CPE (Fig. 3C). At the 295 

same time, CV-A16 replication in HEK293T cells inhibited SeV infection-induced IFN-β 296 
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production (Fig. 3A, lane 4). Consistent with previous reports (35), EV-A71 replication also 297 

suppressed SeV-triggered IFN-β induction (Fig.3A, lane 6).  298 

    In addition to activating type I IFN pathways, RNA virus infection can also trigger NF-κB 299 

activation. We examined NF-κB promoter activity after SeV infection in the absence or presence 300 

of CV-A16 or EV-A71. EV-A71 barely activated the NF-κB promoter, which is consistent with 301 

previous reports (35, 36, 45). Moreover, we revealed that CV-A16 did not trigger NF-κB 302 

activation. Similar to their effects on the suppression of IFN-β production, SeV-mediated NF-κB 303 

promoter activation was significantly suppressed by CV-A16 and EV-A71 (Fig. 3B, compare 304 

lanes 2, 4 and 6). These results indicate that host immune defense systems are impaired during 305 

CV-A16 virus propagation.  We have also observed that CV-A6 or EV-D68 virus infection did 306 

not trigger type I IFN (Fig. 3D) or NF-κB (Fig. 3E) production. Furthermore, SeV-mediated type 307 

I IFN (Fig. 3D) and NF-κB (Fig. 3E) production was significantly suppressed by CV-A6 or EV-308 

D68 infection.  Enterovirus 2Apro cleaves eukaryotic initiation factors 4GI and 4GII (eIF4GI 309 

and eIF4GII) within virus-infected cells(46-48). CV-A16 2A protease could inhibit SeV 310 

replication by inhibiting cap-dependent mRNA translation and inhibiting SeV-induced activation 311 

of MAVS signaling. It is thus important to address whether CV-A16 3Cpro expression alone 312 

could suppression of SeV triggered immune activation. 313 

 314 

    3Cpro of CV-A16 suppresses SeV induced type I IFN response. In addition to its role in 315 

viral polyprotein processing, 3Cpro of certain enteroviruses has been shown to play a pivotal role 316 

in suppressing IFN-β production(35-38, 49-53). However, the role of 3Cpro of CV-A16, CV-A6 317 

and EV-D68 in suppressing IFN-β activation has not been well characterized. To determine the 318 

capacity of CV-A16 3Cpro to block the type I IFN response, IFN-β promoter activity in the 319 
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absence or presence of CV-A16 3Cpro was assessed using the luciferase assay. As shown in Fig. 320 

4A, expression of CV-A16 3Cpro inhibited SeV-induced IFN-β promoter activity significantly. 321 

As expected, similar activity for EV-A71 3Cpro was observed (Fig. 4A) when both proteins were 322 

expressed at similar levels (Fig. 4B). Thus, our results indicate that CV-A16 utilizes 3Cpro to 323 

antagonize type I IFN induction. Consistent with the IFN-β promoter assay results, endogenous 324 

IFN-β mRNA expression was induced by SeV infection and was then reduced in a dose 325 

dependent manner by the addition of CV-A16 3Cpro (Fig. 4C). Type I IFN-induced ISG56 326 

mRNA expression was also induced by SeV infection and was then similarly inhibited by the 327 

addition of CV-A16 3Cpro (Fig. 4C).  328 

     In response to RNA virus infection, the cytosolic RNA sensors RIG-I and MDA5 initiate 329 

antiviral signaling, and consequently a number of downstream molecules are recruited and 330 

activated (18). IFN-β transcription and production requires IRF3 phosphorylation and 331 

dimerization after virus stimulation. To further confirm the inhibitory effect of CV-A16 3Cpro on 332 

type I IFN responses, we assayed for IRF3 phosphorylation. Plasmids encoding CV-A16 3Cpro or 333 

EV-A71 3Cpro were co-transfected into HEK293T cells with an IRF3 expression vector for 24 334 

hours. Transfected cells were then treated with SeV for another 24 hours, followed by western 335 

blot analysis for phosphorylated IRF3. IRF3 phosphorylation could be triggered by SeV 336 

infection (Fig. 4D, lane 4). However, IRF3 phosphorylation was inhibited significantly in cells 337 

expressing CV-A16 3Cpro or EV-A71 3Cpro (Fig. 4D, lanes 5 and 6). The 2Apro of EV-A71 has 338 

also been reported to inhibit innate immune responses (38, 45, 54-58). We have observed that 339 

CV-A16 2Apro could enhance the CV-A16 3Cpro-mediated type I IFN activation inhibition 340 

induced after SeV infection (Fig. 4E). 341 
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    We have also observed that CV-A6 or EV-D68 3Cpro inhibited SeV-induced IFN-β promoter 342 

activation (Fig. 4F). SeV infection-triggered IRF3 phosphorylation was also inhibited 343 

significantly in cells expressing CV-A6 3Cpro or EV-D68 3Cpro (Fig. 4G). Collectively, our 344 

results demonstrate that 3Cpro of CV-A16, CV-A6, and EV-D68 are all able to inhibit type I IFN 345 

responses. 346 

3Cpro of CV-A16, CV-A6, or EV-D68 inhibits type I IFN responses upstream of IRF3 347 

activation. Since CV-A16 3Cpro expression inhibited IRF3 phosphorylation, we first determined 348 

whether CV-A16 3Cpro can directly influence the function of IRF3. To address this question, a 349 

constitutively active form of IRF3 (IRF3-5D(44)) was used to induce the activation of the IFN-β 350 

promoter in HEK293T cells transfected with IRF3-5D alone or co-transfected with CV-A16 351 

3Cpro. Consistent with a previous report (37), ectopic expression of IRF3-5D stimulated IFN-β 352 

induction (Fig. 5A). IFN-β activation stimulated by IRF3-5D was not inhibited by CV-A16 3Cpro 353 

(Fig. 5A). CV-A16 3Cpro protein expression was confirmed by western blot analysis (Fig. 5B). 354 

IFN-β promoter activation stimulated by IRF3-5D was also not inhibited by CV-A6 or EV-D68 355 

3Cpro (Fig. 5A). IKKε (Fig. 5C) and TBK1 (Fig. 5D) also stimulated IFN-β expression, which 356 

was consistent with previously reports (35, 59, 60). None of CV-A16,  CV-A6, or EV-D68 3Cpro 357 

had an inhibitory effect on IFN-β promoter activation induced by IKKε (Fig. 5C) or TBK1 358 

(Fig.5C). Collectively, our results have demonstrated that 3Cpro of CV-A16, CV-A6, or EV-D68 359 

inhibits the induction of type I IFN responses upstream of IRF3, TBK1, and IKKε. 360 

CA16 3Cpro neutralizes MDA5-mediated type I IFN activation. Upon virus infection, MDA5 361 

binds viral RNA and interacts with the adaptor protein, MAVS. This interaction leads to the 362 

activation of downstream factors (TRAFs, TBK1, etc.). These activated factors cause IRF3 to 363 

dimerize and then translocate into the nucleus, inducing an IFN-β response. Therefore, using 364 
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previously established experimental strategies (61), we asked whether CV-A16 3Cpro could target 365 

MDA5 and impair its immune activation functionalities. In contrast to type I IFN activation by 366 

IRF3, TBK1, and IKKε, which is resistant to CV-A16 3Cpro, we observed that type I IFN 367 

activation induced by MDA5-N (35, 62) was inhibited by CV-A16 3Cpro (Fig. 6A). A CV-A16 368 

3Cpro catalytic site mutant (H40D) could still inhibit MDA5-N-induced IFN activation (Fig. 6A). 369 

The MDA5-N protein level was not down-regulated in the presence of CV-A16 3Cpro (Fig. 6B). 370 

Endogenous MDA5 (Fig. 6C) and MAVS (Fig. 6D) expression was also not affected by CV-A16 371 

3Cpro. It has been reported that EV-A71 and EV-D68 3Cpro could induce the cleavage of IRF7 372 

(37, 39). We did not detect cleaved IRF7 product in the presence of CV-A16 3Cpro (Fig. 6E).  373 

We next examined whether CV-A16 3Cpro has the ability to interact with MDA5. A Co-374 

immunoprecipitation (Co-IP) assay was performed as previously described (63) to evaluate 375 

whether MDA5 associates with CV-A16 3Cpro. As shown in Fig. 6F, CV-A16 3Cpro (HA-tagged) 376 

was immunoprecipitated with both the Myc-tagged MDA5 (lane 7) and MDA5-N (lane 9). In the 377 

absence of Myc-tagged MDA5 or MDA5-N, CV-A16 3Cpro was not detected (Fig. 6F, lane 6), 378 

indicating the specificity of the assay system. CV-A16 3Cpro (H40D) interaction with MDA5 379 

(Fig. 6F, lane 8) or MDA5-N (lane 10) was also observed. 380 

Although the CV-A16 3Cpro catalytic site mutant (H40D) could still interact with MDA5, 381 

mutations of surface exposed residues (Fig. 7A) of the N-terminal region of CV-A16 3Cpro 382 

disrupted its interaction with MDA5 (Fig. 7B). CV-A16 3CproM also had impaired ability to 383 

inhibit MDA5-N-induced type I IFN activation (Fig. 7C). MDA5 interaction with CV-A16 3Cpro 384 

was not disrupted by RNase treatment (Fig. 7D). CV-A16 3Cpro V154S containing a mutation of 385 

the C-terminal residue involved in RNA binding (33) also maintained the ability to inhibit 386 

MDA5-N-induced type I IFN activation (Fig. 7E). 387 
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 MDA5 binds viral RNA and interacts with the adaptor protein MAVS to trigger immune 388 

activation. Next, we asked whether CV-A16 3Cpro can impair MAVS association with MDA5. 389 

To answer this question, we carried out a Co-IP assay. HEK293T cells were transfected with 390 

vectors expressing Flag-MAVS along with Myc-MDA5-N, CV-A16 3C-HA, or a control vector. 391 

At 48 hours after transfection, cells were lysed and incubated with anti-Flag beads, followed by 392 

analysis with a western blot. As expected, MAVS interacted with MDA5-N (Fig. 8A, lane 8). In 393 

the absence of MAVS, MDA5-N was not detected (Fig. 8A, lane 6), indicating the specificity of 394 

the assay. The results additionally showed that the association of MAVS and MDA5-N was 395 

disrupted by 3Cpro in a dose dependent manner (Fig. 8A, lanes 9, 10 and Fig.8B). Immune 396 

activation triggered by MDA5-N was also disrupted by CV-A16 3Cpro in a dose dependent 397 

manner (Fig. 8C). CV-A16 infection could inhibit MDA5 interaction with endogenous MAVS 398 

(Fig. 8D). Interestingly, MDA5 dimerization was also inhibited by CV-A16 3Cpro (Fig. 8E). 399 

Dimerization of MDA5 has been reported to be important for MDA5 interaction with MAVS 400 

(62, 64, 65).  401 

Upon RNA virus infection, the RIG-I-like receptors RIG-I and MDA5 detect viral RNA 402 

through their CTD domains. The CARD domains of RIG-I and MDA5 are responsible for 403 

transducing signals to the downstream adaptor MAVS through CARD-CARD interactions(61, 404 

62, 66, 67).To investigate whether CV-A16 3Cpro also antagonizes RIG-I-induced MAVS 405 

activation in the RLR pathway, we performed an IFN-β luciferase assay in HEK293T cells. A 406 

RIG-IN expression vector, which includes the caspase recruitment domain, was employed (66, 407 

68). As illustrated in Fig. 9A, CV-A16 3Cpro could significantly suppress RIG-IN-mediated IFN-408 

β activation in a dose dependent manner. Expression of 3Cpro impaired the interaction between 409 

MAVS and RIG-IN (Fig. 9B). In addition, the RIG-IN protein level was not down-regulated in 410 
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the presence of 3Cpro. The association of MAVS and RIG-IN was disrupted by CV-A16 3Cpro in 411 

a dose dependent manner (Figs. 9B and C).  412 

CV-A16 3Cpro interacted with both RIG-I (Fig. 10B) and RIG-IN (Fig. 10B). Its interaction 413 

with RIG-I was not impaired by RNase treatment (Fig. 10C).  Like wild-type CV-A16 3Cpro, the 414 

CV-A16 3Cpro H40D mutant maintained the ability to inhibit RIG-IN-triggered immune 415 

activation (Fig. 10A) and could still interact with RIG-I (Fig. 10B, lane 8) and RIG-IN (Fig. 10B, 416 

lane 10). Also, the H40D mutant could still inhibit RIG-IN interaction with MAVS (Fig. 10D), 417 

similar to its ability to inhibit MDA5-N interaction with MAVS (Fig. 10E). Together, these 418 

results indicate that CV-A16 3Cpro targets MDA5 and RIG-I, culminating in inactivation of the 419 

IFN-β induction pathway. 3Cpro failed to block IFN-β activation mediated by TBK1 and 420 

downstream factors (Fig. 5C). This finding indicates that 3Cpro probably acts upstream of TBK1 421 

in the RIG-I-RLR pathway and that RIG-I, like MDA5, is a target of 3Cpro.  422 

3Cpro from EV-D68 and CV-A6 neutralizes MDA5-mediated type I IFN activation. Direct 423 

targeting of MDA5 by the Picornaviridae family of viruses has not been widely reported 424 

previously. To further investigate whether 3C proteases from other enterovirus species also 425 

possess the ability to interact with MDA5 and affect its function, the expression vectors for EV-426 

A71, EV-D68, CV-A6, and CV-B3 3Cpro were constructed and compared. Interaction of 3Cpro 427 

with MDA5-N was first examined by Co-IP experiments. The Co-IP results (Fig.11A) indicated 428 

that, similar to those for CV-A16 3Cpro, 3Cpro from EV-D68 and CV-A6 also interacted with 429 

MDA5-N. At the same time, EV-A71 and CV-B3 3Cpro interacted with MDA5-N poorly (Fig. 430 

11A).  431 

The level of MDA5-N was lower in the presence of EV-D68 and CV-A6 3Cpro (Fig.11A). 432 

To determine whether this was due to the protease activity of these 3Cpro, we constructed CV-A6 433 
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and EV-D68 3C protease active site mutants (H40D). The reduced levels of MDA5-N were still 434 

noted with these mutants when compared to the controls (Figs. 11B and C). Thus, it is unlikely 435 

that the reduced levels of MDA5-N by CV-A6 and EV-D68 3Cpro are due to protease digestion. 436 

Future studies will be required to determine the mechanism of MDA5 reduction by CV-A6 and 437 

EV-D68 3Cpro. However, despite lower levels of MDA5-N in the presence of CV-A6 and EV-438 

D68 3Cpro (Fig. 11A, lanes 5 and 6) when compared to the control sample (Fig. 11A, lane 1), co-439 

IP of MDA5-N with CV-A6 and EV-D68 3Cpro was still detected (Fig. 11A, lanes 11 and 12) but 440 

not in the control sample (lane 7).   441 

To address the question of whether 3Cpro from EV-D68 and CV-A63Cpro could also 442 

antagonize MDA5-mediated IFN-β activation, we performed an IFN-β luciferase assay in 443 

HEK293T cells. CV-A6 (Fig. 11D) and EV-D68 (Fig. 11E) 3Cpro efficiently suppressed MDA5-444 

N-induced IFN-β promoter activity. Collectively, our data suggest that disabling MDA5 and 445 

MAVS interaction through the activity of 3C proteases may be a common strategy used by a 446 

variety of enterovirus species. 447 

3Cpro from CV-A16, CV-A6, and EV-D68 targets TAK1 to impair SeV-triggered NF-κB 448 

response. As indicated in Fig. 2B, CV-A16 virus can also block NF-κB activation after SeV 449 

infection. In fact, CV-A16 3Cpro alone can potently suppress NF-κB activation after SeV 450 

infection (Fig. 12A, lanes 3 and 4). Endogenous NF-κB-activated IKB (Fig. 12B) and IL-8 (Fig. 451 

12C) mRNA levels were also suppressed by CV-A16 3Cpro after SeV infection. Several studies 452 

have demonstrated that TAK1 is a key player in NF-κB activation ((34, 69)). In response to 453 

interleukin-1, tumor necrosis factor-α, and toll-like receptor agonists, it mediates the activation 454 

of NF-κB, c-Jun N-terminal kinase (JNK), and p38 pathways (69). In order to assess whether 455 

TAK1 is the target of CV–A16 3Cpro in the NF-κB pathway, we examined TAK1 expression and 456 
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processing in the presence or absence of 3Cpro in HEK293T cells. TAK1 was transfected with 457 

different amounts of the 3Cpro expression vector, and protein expression was detected by western 458 

blot. Interestingly, TAK1 cleavage products were induced by CV-A16 3Cpro expression (Fig. 459 

12D, lanes 2 and 3) compared with the control (Fig. 12D, lane 1). A TAK1-related smaller 460 

protein band around 45KD was detected in the presence of CV-A16 3Cpro. To further evaluate 461 

whether 3Cpro-induced TAK1 cleavage is protease activity dependent, we examined CV-A16 462 

3Cpro H40D versus wild type 3Cpro. As shown in Fig. 12D (lanes 4 and 5), the appearance of the 463 

cleaved TAK1 fragment was not detected in the presence of the CV-A16 3Cpro H40D mutant. 464 

Thus, the protease activity of CV-A16 3Cpro is required for TAK1 cleavage. At the same time, 465 

the ability of the 3Cpro H40D mutant to suppress NF-κB activation after SeV infection was also 466 

impaired (Fig. 12A, lanes 5 and 6). The ability to cleave TAK1 was also observed for the 3Cpro 467 

from EV-D68 (Fig. 12F) and CV-A6 (Fig. 12G). Similarly, the 3Cpro from EV-D68 and CV-A6 468 

suppressed NF-κB activation after SeV infection (Fig. 12E).  469 

3Cpro from CV-A16, CV-A6, and EV-D68 inhibits TLR3-mediated NF-κB response. In 470 

addition to the RLR pathway, TLR3 detection of the RNA component of RNA viruses also 471 

triggers NF-κB activation. Ectopic expression of TLR3 in HEK293T cells led to NF-κB 472 

activation in the presence of poly I:C (Fig. 13A, lane 2). CV-A16 3Cpro suppressed TLR3-473 

triggered NF-κB activation (Fig. 13A, lane 3). In contrast, the ability of the CV-A16 3Cpro H40D 474 

mutant to suppress TLR3-triggered NF-κB activation was impaired (Fig. 13A, lane 4). Cleavage 475 

of endogenous TAK1 could be detected in the presence of CV-A16 3Cpro (Fig. 13B). CV-A16 476 

infection could also trigger TAK cleavage (Fig. 13C). The 3Cpro from EV-D68 and CV-A6 also 477 

suppressed TLR3-triggered NF-κB activation (Fig. 13D). CV-A6 3Cpro H40D (Fig. 13E) or EV-478 
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D68 3Cpro H40D (Fig. 13F) mutants were not able to cleave TAK1, unlike wild-type 3Cpro. These 479 

mutants also had impaired ability to suppress TLR3-triggered NF-κB activation (Fig. 13D). 480 

 481 
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DISCUSSION 502 

 503 

 In this study, we evaluated the role of 3Cpro in viral evasion of host innate immune 504 

responses for several poorly studied enteroviruses and coxsackieviruses, including CV-A16, CV-505 

A6, and EV-D68. In a systematic evaluation, we observed that CV-A16, CV-A6, and EV-D68 506 

3Cpro could block immune activation triggered by the RNA virus SeV (Fig. 4). Furthermore, CV-507 

A16, CV-A6, and EV-D68 3Cpro inhibited IRF3 phosphorylation after SeV infection (Fig. 4). At 508 

the same time, CV-A16, CV-A6, and EV-D68 3Cpro did not block type I IFN activation induced 509 

by TBK1 or IKKε downstream factors (Fig. 5). Instead, CV-A16 (Fig. 6), CV-A6, and EV-D68 510 

(Fig. 10) 3Cpro directly interferes with MDA5-MAVS functional signaling.  511 

 CV-A16 3Cpro impaired MDA5-CARD-induced IFN-β activation in a dose dependent 512 

manner (Fig. 6). CV-A16 3Cpro binds to MDA5 (Fig. 6) and disrupts its interaction with MAVS 513 

(Fig. 8). In a manner distinct from other RNA viruses (51, 54), CV-A16 3Cpro suppressed MDA5-514 

triggered type I IFN activation without reducing MDA5 (Fig. 6C) or MAVS expression (Fig. 515 

6D). The interaction between CV-A16 3Cpro and MDA5 was not affected by RNase treatment 516 

(Fig. 7). Mutation of the protease active site of CV-A16 3Cpro also did not abolish its interaction 517 

with MDA5 (Fig. 6). On the other hand, mutations of N-terminal surface exposed amino acids 518 

inhibited its interaction with MDA5 (Fig. 7). To our knowledge, this is the first example that the 519 

3C protein of the Picornaviridae family of viruses interfering with MDA5-MAVS interaction to 520 

abrogate type I IFN induction.  521 

 The ability to interact with MDA5 was also evaluated for various enteroviruses and 522 

coxsackieviruses linked to HFMD and pediatric respiratory disease. We observed the interaction 523 

between MDA5 and the 3Cpro from CV-A6 and EV-D68 (Fig. 11). Like CV-A16, 3Cpro from 524 
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CV-A6 and EV-D68 could efficiently antagonize MDA5-induced IFN-β activation (Fig. 11). On 525 

the other hand, we did not detect an interaction between 3Cpro from CV-B3 or EV-A71 and 526 

MDA5 (Fig. 11).Whether disruption of MDA5 function by the 3Cpro is seen among other diverse 527 

Picornaviridae is a question that requires further investigation. 528 

 MDA5 is a critical component in the host RLR pathway. Several studies using MDA5-/- 529 

knockout mice have demonstrated that MDA5 signaling is critical for type-I IFN induction after 530 

virus infection (70, 71). MDA5-deficient mice have increased susceptibility to lethal infection 531 

induced by poliovirus (70, 71). It is interesting to note that EV-A71 3Cpro has been reported not 532 

to interfere with MDA5-mediated IFN restriction (35). These results are consistent with our 533 

observation that EV-A71 3Cpro did not interact with MDA5 (Fig. 11). It is possible that EV-A71 534 

and CV-B3 3C proteases use different strategies to neutralize IFN-β activation mediated by 535 

MDA5. For instance, CV-B3 3C protein targets MAVS (49) and EV-A71 3C protein targets IRF7 536 

(35) in the RLR pathway to impair MDA5 induced IFNβ activation. 537 

 In addition to type I IFN activation, SeV infection also triggers NF-kB activation through 538 

TAK1. We have demonstrated that TAK1 was also targeted by CV-A16 3Cpro (Fig. 12). CV-A16 539 

3Cpro expression resulted in TAK1 cleavage, and this function was blocked by a CV-A16 3Cpro 540 

active site (H40D) mutation (Fig. 12). Consequently, NF-kB activation triggered by SeV 541 

infection was inhibited by CV-A16 3Cpro but not the mutant 3Cpro H40D (Fig. 12). We also 542 

observed both CV-A6 and EV-D68 3Cpro harbor the same ability to diminish NF-κB signal by 543 

targeting TAK1 (Fig. 12). The protease active site was also important for CV-A6 and EV-D68 544 

3Cpro to diminish NF-κB signal by cleaving TAK1 (Fig. 12). 545 

         Apart from the RLR pathway, TLRs are also critical for detecting the RNA component of 546 

RNA viruses. Among them, TLR3 is one of the essential TLRs for sensing invading viral RNA. 547 
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TLR3 can activate TAK1 and subsequently stimulate p38, JNK and NF-κB signals leading to 548 

cytokine production. TLR3-triggered NF-κB activation was inhibited by CV-A16, CV-A6, or 549 

EV-D68 3Cpro but not their H40D mutants (Fig. 13). The cleaved fragment of TAK1 was around 550 

45KD. As a result, the integrity of TAK1 functional domains was destroyed. The N-terminal 551 

fragment of TAK1 includes the TAB1 binding and kinase domains which are critical for TAK1 552 

activation. The C-terminal fragment of TAK1 includes the TAB2/3 binding domain which is 553 

necessary for the activation of downstream IKK kinase (IKKβ, IKKα). Thus, the separation of 554 

the N-terminal and C-terminal domains of TAK1 by CV-A16, CV-A6, or EV-D68 3Cpro will lead 555 

to the disruption of host RLR and TLR pathways. In addition to innate immune responses, TAK1 556 

plays a central role in host adaptive immunity. T cell receptor (TCR) ligation leads to TAK1-557 

mediated activation of both NF-kB and JNK, which is required for the development and 558 

maturation of T cells. CV-A16 has been shown to infect T cells (72). In light of impaired NF-kB 559 

activation by 3Cpro targeting TAK1, CV-A16 may interfere with T cell activation and maturation 560 

in vivo. The interplay between CV-A16 infection and adaptive immunity should be studied in the 561 

future.  562 

 During virus infection, host cells utilize different strategies to combat virus invasion. 563 

Viruses have also evolved sophisticated mechanisms to subvert host immune responses. Overall, 564 

we showed in this study that 3Cpro proteins of CV-A16, CV-A6, and EV-D68 utilize novel tactics 565 

to subvert host innate immune responses by targeting key factors in the RLR and TLR pathways. 566 

This information should contribute to our understanding of the pathogenesis of CV-A16, CV-A6, 567 

and EV-D68 infection. Furthermore, recognition of the critical role of this protease in the 568 

pathogenesis of CV-A16, CV-A6, and EV-D68 infection and the success of protease inhibitors in 569 
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the treatment of other viral infections provides a foundation for development of new therapeutic 570 

agents to treat HFMD and pediatric respiratory disease. 571 
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FIGURE LEGENDS 779 

 780 

Figure 1. Type I interferon induces potent CV-A16 inhibition. (A) RD cells were untreated 781 

(columns 1, 3) or treated with 1000U/mL of interferon α2 (columns 2, 4). After 12 hours, IFN-α2 782 

treated or untreated RD cells were infected with equal amounts (MOI of 0.5) of CV-A16 virus 783 

(columns 3, 4) or left uninfected (columns 1, 2). 72 hours later, cells were observed for 784 

morphological changes and were photographed by light microscopy at 400X magnification. (B) 785 

Total viral RNA was extracted from the treated RD cells listed above (Figure1A). The viral RNA 786 

levels of CV-A16 were evaluated by real-time PCR using SYBR green. Primers targeted CV-787 

A16 VP1 to monitor viral replication. GAPDH expression was used as a control. Data represent 788 

the average of three independent experiments. The error bars indicate the SD of three 789 

independent experiments. P values <0.05 were considered significant. (C) CV-A16 virus from 790 

RD cells were collected at days 0, 1, 2, 3, and 4 after infection with or without IFN-α2 treatment. 791 

The virus titer was determined by CCID50. 792 

 793 

Figure 2. Type I interferon induces potent CV-A6 and EV-D68 inhibition. (A) RD cells were 794 

untreated (column 1) or treated with 1000U/mL of interferon α2 (column 2). After 12 hours, 795 

IFN-α2 treated or untreated RD cells were infected with equal amounts (MOI of 0.5) of CV-A6 796 

virus or EV-D68 virus (B). 96 hours later, cells were observed for morphological changes and 797 

photographed by light microscopy at 400X magnification. CV-A16 virus (C) or EV-D68 virus 798 

(D) from RD cells were collected at days 0, 1, 2, 3, and 4 after infection with or without IFN-α2 799 

treatment. The virus titer was determined by CCID50. 800 

 801 
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Figure 3. CV-A16, CV-A6, and EV-D68 suppress the type I IFN response triggered by RNA 802 

virus infection. HEK293T cells were transfected with the pRL-TK plasmid and the IFN-β (A) or 803 

NF- κB promoter (B) plus control plasmids or CV-A16 or EV-A71 infectious clone vectors for 804 

24 hours. The cells were subsequently infected with SeV (20HA/mL) or left uninfected for 20 805 

hours, and then cell lysates were assayed for luciferase activity. Data represent the average of 806 

three independent experiments. The error bars indicate the SD of three replicates within one 807 

experiment. P values <0.05 were considered significant. (C) HEK293T cells were infected with 808 

CV-A16 virus (MOI of 0.5) or left uninfected. After the indicated time points, cells were 809 

observed for CPE. HEK293T cells were transfected with the pRL-TK plasmid and the IFN-β (D) 810 

or NF- κB promoter (E) for 12 hours and were then infected with CV-A6 and EV-D68 virus 811 

(MOI of 0.5) for 12 hours. The cells were subsequently infected with SeV (20HA/mL) or left 812 

uninfected for 20 hours, and then cell lysates were assayed for luciferase activity. Data represent 813 

the average of three independent experiments. The error bars indicate the SD of three replicates 814 

within one experiment. P values <0.05 were considered significant. 815 

 816 

Figure 4. 3Cpro of CV-A16, CV-A6, and EV-D68 suppresses the SeV-induced type I IFN 817 

response. HEK293T cells were transfected with empty vector, CV-A16 3C, or EV-A71 3C (A), 818 

or with empty vector, CV-A6 3C, or EV-D68 3C (F), along with the pRL-TK plasmid and the 819 

IFN-β reporter. After 24 hours, cells were challenged with SeV (20HA/mL) or left uninfected for 820 

20 hours and were followed for luciferase activity. Protein expression was detected by western 821 

blot (B). Data represent the average of three independent experiments. The error bars indicate the 822 

SD of three replicates within one experiment. P values <0.05 were considered significant. (C) 823 

HEK293T cells were transfected with empty vector, 150ng CV-A16 3C, and 450ng CV-A16 3C. 824 
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After 24 hours, cells were challenged with SeV (20HA/mL) or left uninfected for 20 hours. Then 825 

the cells were harvested, and RNA was extracted to determine IFNB and ISG56 mRNA level by 826 

quantitative real-time PCR. (D) HEK293T cells were transfected with the Flag-IRF3 plasmid 827 

alone (lane 1), Flag-CV-A16 3C alone (lane 2), Flag-EV-A71 3C alone (lane 3), Flag-IRF3 plus 828 

Flag-CV-A16 3C (lane 5), or Flag-IRF3 plus Flag-EV-A71 3C (lane 6). 24 hours after the 829 

transfection, cells were treated with SeV (SeV+; 20HA/mL) or were left untreated (SeV-). 24 830 

hours later, cells were analyzed by western blot with antibodies against Flag-IRF3, p-IRF3, Flag-831 

3C, or tubulin control. (E) HEK293T cells were transfected with 200ng CV-A16 2A (lane 3), 832 

CV-A16 3C at two doses (150ng, 450ng) (lanes 4, 5), or 200ng 2A with 3C at two doses  (150ng, 833 

450ng) (lanes 6, 7). 24 hours after the transfection, cells were treated with SeV (SeV+; 834 

20HA/mL) or were left untreated (SeV-). 24 hours later, cell lysates were assayed for luciferase 835 

activity. (G) HEK293T cells were transfected with the Flag-IRF3 plasmid alone (lanes 1, 4) or in 836 

combination with HA-EV-D68 3C (lanes 2, 5) or HA-CV-A6 3C (lanes 3, 6). 24 hours after the 837 

transfection, cells were treated with SeV (SeV+; 20HA/mL) or were left untreated (SeV-). 24 838 

hours later, cells were analyzed by western blot with antibodies against Flag-IRF3, p-IRF3, HA-839 

3C, or tubulin control. 840 

 841 

Figure 5. 3Cpro of CV-A16, CV-A6, and EV-D68 inhibits type I interferon responses upstream of 842 

IRF3 activation. HEK293T cells were transfected with IFNβ-luc and IRF3-5D(A), IKKε(C) or 843 

TBK1 (D) together with control (pRL-TK), CV-A16 3C, CV-A6 3C, or EV-D68 3C expression 844 

vectors. 36 hours after transfection, cells were assayed for luciferase activity. Data are 845 

representative of three independent experiments. The error bars indicate the SD of three different 846 

experiments. P values <0.05 were considered significant. (B) CV-A16, CV-A6, and EV-D68 3C 847 
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protein expression was analyzed by western blot with HA antibody. Tubulin antibody was used 848 

as a control. 849 

 850 

Figure 6. CA16 3Cpro neutralizes MDA5-mediated IFN-β activation. (A) HEK293T cells were 851 

transfected with the pRL-TK plasmid and IFN-β-luc promoter reporter plus control plasmid (lane 852 

1), Flag-MDA5-N alone (lane 2), Flag-MDA5-N plus three increasing doses of CV-A16 3C 853 

(lanes 3-5), or Flag-MDA5-N plus three increasing doses of CV-A16 3C H40D (lanes 6-8). After 854 

a 36 hour transfection, cells were assayed for luciferase activity and then analyzed by western 855 

blot. Proteins were detected with the indicated antibodies. Tubulin antibody was used as a 856 

control (B). Data are a representative of three independent experiments with triplicate samples. 857 

The error bars indicated the SD of three different experiments. P values <0.05 were considered 858 

significant. (C) HEK293T cells were transfected with two increasing doses of CV-A16 3C 859 

plasmids (lanes 2, 3) or control vector (lane 1). 36 hours later, cells were harvested, and 3C-HA 860 

along with endogenous MDA5 (C) or MAVS (D) proteins were analyzed by western blot. 861 

Tubulin antibody was used as a control. (E) HEK293T cells were transfected with IRF7-Flag and 862 

two increasing doses of CV-A16 3C dose or negative control. 36 hours later, proteins were 863 

detected with the indicated antibodies by western blot. (F) HEK293T cells were co-transfected 864 

with Myc-MDA5 (lanes 2, 3) or Myc-MDA5-N (lanes 4, 5), and with control vector (lane 1), 865 

HA-CV-A16 3C (lanes 2, 4), or with HA-CV-A16 3C H40D (lanes 3, 5). 48 hours after 866 

transfection, cell lysates were immunoprecipitated with anti-Myc beads. Western blot was used 867 

to analyze protein expression. 868 

Figure 7. The N-terminal domain of CV-A16 is critical for its function. (A) Here is a schematic 869 

of CV-A16’s N-terminal amino acids and the designed mutant. (B) HEK293T cells were 870 
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transfected with MDA5-N-Myc and HA-CV-A16 3C (lane 2) or its mutant HA-CV-A16 3C-M 871 

(lane 3). At 48 hours after transfection, cells were harvested and cell lysates were incubated with 872 

anti-HA beads overnight. Protein expression was detected by the indicated antibodies by western 873 

blot. Tubulin antibody was used as a control. (C) HEK293T cells were transfected with the pRL-874 

TK plasmid and IFNβ-luc promoter reporter plus control plasmid (lane 1), MDA5-N-Myc (lanes 875 

2-7), or different amounts of HA-3C (lanes 3-5) or HA-3C-M (lanes 6, 7) expression vectors. 36 876 

hours after transfection, cell lysates were assayed for luciferase activity. Data are a representative 877 

of three independent experiments. (D) HEK293T cells were transfected with MDA5-Myc and 878 

HA-CV-A16 3C (lanes 2, 3) or HA-CV-A16 3C alone (lane 1). At 48 hours after transfection, 879 

cells were harvested, and cell lysates were treated with RNase (lane 3) or left untreated (lanes 1, 880 

2) and incubated with anti-Myc beads overnight. Protein expression was detected by western blot 881 

using the indicated antibodies. Tubulin antibody was used as a control. (E) HEK293T cells were 882 

transfected with pRL-TK plasmid and IFNβ-luc promoter reporter plus control plasmid (lane 1), 883 

MDA5-N-Myc alone (lane 2) or cotransfected with different amounts of HA-3C (lanes 3-5) or 884 

HA-3C V154S (lanes 6-8) expression vectors. 36 hours after transfection, cell lysates were 885 

assayed for luciferase activity. Data are a representative of three independent experiments. The 886 

error bars indicate the SD of three different experiments. P values <0.05 were considered 887 

significant. 888 

Figure 8. CV-A16 3C disrupts MAVS and MDA5-N interaction. (A) HEK293T cells were 889 

transfected with plasmids encoding MDA5-N-Myc (lanes 1,3,4,5), MAVS-Flag (lanes 2–5), HA-890 

3C (lanes 1,2,4,5) or control vector (lanes 1–3). At 48 hours after transfection, cells were 891 

harvested, and cell lysates were incubated with anti-Flag beads overnight. Protein expression was 892 

detected by western blot utilizing the indicated antibodies. Tubulin antibody was used as a 893 
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control. (B) ImageJ software (NIH) was used to quantitate protein band intensities, and the value 894 

of MDA5-N that co-precipitated with MAVS in the absence of 3C was set to 1. A representative 895 

of three independent experiments is shown in this figure. (C) HEK293T cells were transfected 896 

with pRL-TK plasmid and IFN-β-luc promoter reporter plus control plasmid (lane 1), MDA5-N-897 

Myc (lanes 3-6), or different amounts (50ng,150ng,450ng) of HA-3C (lanes 2, 4-6) expression 898 

vector. 36 hours after transfection, cell lysates were assayed for luciferase activity. Data are a 899 

representative of three independent experiments. The error bars indicate the SD of three different 900 

experiments. P values <0.05 were considered significant. (D) HEK293T cells were transfected 901 

with MDA5-N-Flag or were left untreated for 12 hours and then were infected with an increasing 902 

MOI (2,3) of CV-A16 virus or left untreated. 20 hours later, cells were harvested, and cell lysates 903 

were incubated with anti-Flag beads overnight. Protein expression was detected by western blot 904 

using the indicated antibodies. Tubulin antibody was used as a control. (E) HEK293T cells were 905 

transfected with plasmids encoding MDA5-N-Myc (lanes 1, 3, 4), MDA5-N-Flag (lanes 2–4), 906 

HA-3C (lanes 1, 2, 4), or control vector (lanes 1–3). At 48 hours after transfection, cells were 907 

harvested and cell lysates were incubated with anti-Flag beads overnight. Protein expression was 908 

detected by western blot using the indicated antibodies. Tubulin antibody was used as a control. 909 

 910 

Figure 9. CV-A16 3Cpro disrupts the MAVS and RIG-IN complex. (A) HEK293T cells were 911 

transfected with the pRL-TK plasmid and IFN-β-luc promoter reporter plus control plasmid (lane 912 

1), RIG-IN-Myc (lanes 3-6) or different amounts of HA-3C (lanes 2, 4-6) expression vectors. At 913 

36 hours after transfection, cell lysates were assayed for luciferase activity. Data are  914 

representative of three independent experiments. The error bars indicate the SD of three different 915 

experiments. P values <0.05 were considered significant. (B) HEK293T cells were transfected 916 

 on A
pril 21, 2017 by U

N
IV

 O
F

 C
A

LIF
 S

A
N

 D
IE

G
O

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org/


 

37 

 

with plasmids encoding RIG-IN-Myc (lanes 1, 3–5), MAVS-Flag (lanes 2–5), HA-3C (lanes 1, 917 

2, 4, 5), or control vector (lanes 1–3). 48 hours after transfection, cells were harvested, lysed, and 918 

then incubated with anti-Flag beads overnight. Protein expression was analyzed by western blot 919 

using the indicated antibodies. Tubulin antibody was used as a control. (C) ImageJ software 920 

(NIH) was used to quantitate protein band intensities, and the value of RIG-IN co-precipitated 921 

with MAVS in the absence of 3C was set to 1. A representative of three independent experiments 922 

is shown in this figure.  923 

 924 

Figure 10. CV-A16 3Cpro disruption of the MAVS and RIG-IN complex is independent of 925 

protease activity. (A) HEK293T cells were transfected with the pRL-TK plasmid and IFN-β-luc 926 

promoter reporter plus control plasmid (lane 1), RIG-IN-Myc (lane 2) alone or cotransfected 927 

with different amounts of HA-3C (lanes 3-5) or HA-3C H40D (lanes 6-8) expression vectors. At 928 

36 hours after transfection, cell lysates were assayed for luciferase activity. Protein expression 929 

was detected by western blot using indicated antibodies. Data are representative of three 930 

independent experiments. The error bars indicate the SD of three different experiments. P values 931 

<0.05 were considered significant. (B) HEK293T cells were transfected with RIG-I-Flag (lanes 932 

2, 3) or RIG-IN-Flag (lanes 4, 5) in combination with control vector, HA-CV-A16 3C (lanes 2, 933 

4), or with HA-CV-A16 3C H40D (lanes 3, 5). 48 hours after transfection, cell lysates were 934 

immunoprecipitated with anti-Flag beads. Western blot was used to analyze protein expression. 935 

(C) HEK293T cells were transfected with RIG-I-Flag and HA-CV-A16 3C (lanes 2, 3) or HA-936 

CV-A16 3C alone (lane 1). At 48 hours after transfection, cells were harvested, and cell lysates 937 

were treated with RNase (lane 3) or were left untreated (lane 2). Cell lysates were then incubated 938 

with anti-Flag beads overnight. Protein expression was detected by western blot using the 939 
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indicated antibodies. Tubulin antibody was used as a control. (D) HEK293T cells were 940 

transfected with plasmids encoding RIG-IN-Myc with MAVS-Flag (lanes 2-5), HA-3C H40D 941 

(lanes 1, 3, 4, 5) or control vector (lane 2). 48 hours after transfection, cells were harvested, 942 

lysed, and then incubated with anti-Flag beads overnight. Protein expression was analyzed by 943 

western blot using the indicated antibodies. Tubulin antibody was used as a control. (E) 944 

HEK293T cells were transfected with plasmids encoding MDA5-N-Myc with MAVS-Flag 945 

(lanes 2-5), HA-3C H40D (lanes 1, 3, 4, 5), or control vector (lane 2). 48 hours after transfection, 946 

cells were harvested, lysed, and then incubated with anti-Flag beads overnight. Protein 947 

expression was analyzed by western blot using the indicated antibodies. Tubulin antibody was 948 

used as a control. 949 

 950 

Figure 11. 3Cpro from CV-A6 and EV-D68 neutralizes MDA5-mediated IFN-β activation, and 951 

enterovirus 3C proteases selectively associate with MDA5-N. (A) HEK 293T cells were 952 

transfected with plasmids encoding MDA5-N-Myc and HA-3C (lanes 2-6) from different species 953 

of enterovirus or control vector (lane 1). At 48 hours after transfection, cells were harvested, 954 

lysed, and then incubated with anti-HA beads overnight. Protein expression was analyzed by 955 

western blot using the indicated antibodies. Tubulin antibody was used as a control. (B) 956 

HEK293T cells were transfected with GFP, MDA5-N-Flag, and control vector (lane 1), CV-A6 957 

3C (lane 2) or CV-A6 3C H40D (lane 3). 36 hours later, cells were harvested and analyzed by 958 

western blot. (C) HEK293T cells were transfected with GFP, MDA5-N-Flag, and control vector 959 

(lane 1), EV-D68 3C (lane 2) or EV-D68 3C H40D (lane 3). 36 hours later, cells were harvested 960 

and analyzed by western blot. (D) HEK293T cells were transfected with pRL-TK plasmid and 961 

IFNβ-luc promoter reporter plus control plasmid (lane 1), MDA5-N-Myc (lanes 2-3) or CV-A6 962 
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3C (lane 3) expression vectors. At 36 hours after transfection, cell lysates were assayed for 963 

luciferase activity. Data are representative of three independent experiments. The error bars 964 

indicate the SD of three different experiments. (E) pRL-TK plasmid and IFNβ-luc promoter 965 

reporter were transfected with control plasmid (lane 1), MDA5-N-Myc (lanes 2-3), or EV-D68 966 

3C (lane 3) expression vectors into HEK293T cells. At 36 hours after transfection, cell lysates 967 

were assayed for luciferase activity. Data are representative of three independent experiments. 968 

The error bars indicate the SD of three different experiments. 969 

 970 

Figure 12. 3Cpro from CA16, CV-A6, and EV-D68 targets TAK1 to impair the NF- κB response. 971 

(A) HEK293T cells were transfected with pRL-TK plasmid and NF- κB -luc promoter reporter 972 

plus control plasmid (lane 1), HA-CV-A16 3C (lanes 3, 4), or HA-3C H40D (lanes 5, 6). At 24 973 

hours after transfection, cells were challenged with SeV (20HA/mL). 24 hours later, cell lysates 974 

were assayed for luciferase activity. Data are representative of three independent experiments. 975 

The error bars indicated the SD of three different experiments. P values <0.05 were considered 976 

significant.  (B) HEK293T cells were transfected with empty vector or increasing amounts of 977 

CV-A16 3C expression vector. After 24 hours, cells were challenged with SeV (20HA/mL) or 978 

left uninfected for 20 hours. Then the cells were harvested and RNA was extracted to determine 979 

IKBA (B) and IL-8 (C) mRNA level by quantitative real-time PCR. (D) HEK293T cells were 980 

transfected with plasmids encoding TAK1-Flag and control vector (lane 1), different amounts 981 

(150ng, 450ng) of HA-3C (lanes 2, 3) or HA-3C H40D (lanes 4, 5). 36 hours later, lysates of 982 

cells were analyzed by western blot with antibodies against Flag and tubulin. Tubulin antibody 983 

was used as a control. (E) HEK293T cells were transfected with pRL-TK plasmid and NF- κB -984 

luc promoter reporter plus control plasmid (lane 1), CV-A6 3C (lane 3) or EV-D68 3C (lane 4). 985 
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24 hours after transfection, cells were challenged with SeV (20HA/mL). 24 hours later, cell 986 

lysates were assayed for luciferase activity. Data are representative of three independent 987 

experiments. The error bars indicate the SD of three different experiments. P values <0.05 were 988 

considered significant. (F) HEK293T cells were transfected with plasmids encoding TAK1-Flag 989 

and control vector (lane 1), EV-D68 3C (lanes 2) or CV-A6 3C (G) (lane 2). 36 hours later, 990 

lysates of cells were analyzed by western blot with antibodies against Flag and tubulin. Tubulin 991 

antibody was used as a control. 992 

 993 

Figure 13. CV-A16, CV-A6, or EV-D68 3Cpro inhibits the TLR3-mediated NF-κB response. (A) 994 

HEK293T cells were transfected with pRL-TK plasmid, NF- κB -luc promoter reporter and Flag-995 

TLR3 expression vector alone or with CV-A16 3C or CV-A16 3C H40D. 24 hours later, cells 996 

were treated with poly I:C for 12 hours, and then cell lysates were analyzed by luciferase 997 

activity. Data are representative of three independent experiments. The error bars indicated the 998 

SD of three different experiments. (B) HEK293T cells were transfected with the TAK1-Flag 999 

expression vector. 12 hours later, cells were treated with increasing MOI (2,3) of CV-A16 virus 1000 

for 20 hours. Then cell lysates were analyzed by western blot. (C) HEK293T cells were 1001 

transfected with different amount of HA-CV-A16 3C plasmids (lanes 2, 3) or control vector 1002 

(lane 1). 36 hours later, cells were harvested and endogenous TAK1 and 3C-HA protein were 1003 

analyzed by western blot. Tubulin antibody was used as a control. (D) HEK293T cells were 1004 

transfected with pRL-TK plasmid, NF- κB -luc promoter reporter and Flag-TLR3 expression 1005 

vector alone or along with CV-A6 3C or EV-D68 3C or their protease mutation H40D. 24 hours 1006 

later, cells were treated with poly I:C for 12 hours, then cell lysates were analyzed by luciferase 1007 

activity. Data are representative of three independent experiments. The error bars indicated the 1008 
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SD of three different experiments. TAK1-Flag was transfected with CV-A6 3C or its mutation 1009 

H40D(E), or with EV-D68 3C or its mutation H40D (F). 36 hours later, cells were harvested and 1010 

proteins were analyzed by western blot. Tubulin antibody was used as a control. 1011 

 1012 

Figure 14. Summary of the sites of CV-A16 3Cpro activity in suppressing type I IFN and NF-κB 1013 

pathways. The RNA virus enters target cells through the endocytic pathway, and TLRs detect the 1014 

viral genomes in endosomes. Then, TLRs engage the cytosolic adapter to activate the E3 1015 

ubiquitin (Ub) ligase, TRAF6, which ubiquitinates itself and recruits TAB proteins. TAB 1016 

proteins activate TAK1. As a result, the IKK complex (IKKβ, IKKα, and NEMO) is activated, 1017 

which phosphorylates IκB proteins. Phosphorylation of IκB leads to its ubiquitination and 1018 

proteasomal degradation, freeing NF-κB. Active NF-κB translocates to the nucleus to induce 1019 

inflammatory cytokine production. Once in the cytoplasm, viral RNA can be detected by RIG-1020 

I/MDA5 which activates the IFN-β induction pathway through MAVS, located on mitochondria. 1021 

In our model, CV-A16, CV-A6, and EV-D683Cpro all target TAK1 and also disrupt the 1022 

association of MDA5 and MAVS. 1023 

 1024 
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