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15 Abstract

16 Middle East respiratory syndrome coronavirus (MERS-CoV) continues to cause zoonotic infections 

17 and serious disease, primarily in the Arabian Peninsula, due to repeated spill-over from dromedary 

18 camels and subsequent nosocomial transmission. Approved MERS vaccines for use in animals or 

19 humans are not currently available. MERS-CoV replication requires the virus-encoded papain-like 

20 protease (PLpro) to cleave multiple sites in the viral replicase polyproteins, thereby releasing 

21 functional non-structural proteins. Additionally, PLpro is a deubiquitinating enzyme (DUB) that can 

22 remove ubiquitin(-like) moieties from substrates, presumably to counteract host antiviral responses. 

23 In previous work, we determined the crystal structure of MERS-CoV PLpro in complex with ubiquitin, 

24 facilitating the design of PLpro mutations that impair DUB activity without affecting viral polyprotein 

25 cleavage. Here, we introduced these DUB-inactivating mutations into the viral genome and 

26 examined their impact on MERS-CoV infection both in cell culture and in a lethal mouse model. 

27 Although overall replication of DUB-negative and wild-type (wt) recombinant MERS-CoV was 

28 comparable in multiple cell lines, infection with DUB-negative virus markedly increased mRNA levels 

29 for interferon (IFN)-β and IFN-stimulated genes. Moreover, compared to a wt virus infection, the 

30 survival rate was significantly increased when DUB-negative MERS-CoV was used to infect transgenic 

31 mice expressing a human MERS-CoV receptor. Interestingly, DUB-negative and wt MERS-CoV 

32 replicated to the same titers in lungs of infected mice, but the DUB-negative virus was cleared faster, 

33 likely due to the observed accelerated and better-regulated innate immune responses, in contrast to 

34 delayed and subsequently excessive responses in wt virus-infected mice. This study provides the first 

35 direct evidence that the DUB activity of a coronaviral protease contributes to innate immune evasion 

36 and can profoundly enhance virulence in an animal model. Thus, reduction or removal of the innate 

37 immune-suppressive DUB activity of PLpros is a promising strategy for coronavirus attenuation in the 

38 context of rational vaccine development. 
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39 Author Summary

40 Although zoonotic coronaviruses such as Middle East respiratory coronavirus (MERS-CoV) have 

41 pandemic potential, therapeutics and vaccines that counteract this public health threat are not 

42 currently available. Coronaviruses typically employ multiple strategies to evade the host’s innate 

43 immune response, which may enhance clinical disease and/or reduce the efficacy of modified live 

44 vaccines. The MERS-CoV-encoded papain-like protease (PLpro) is not only crucial for the expression of 

45 functional replicase proteins, but has also been postulated to antagonize ubiquitination-dependent 

46 steps during the activation of the innate immune response. Here, we report the generation of 

47 engineered MERS-CoVs mutants in which PLpro’s deubiquitinating (DUB) activity was specifically 

48 disrupted without affecting virus viability. In this manner, we could demonstrate that the DUB 

49 activity of PLpro suppresses the interferon response in MERS-CoV-infected cells. Strikingly, in the 

50 lungs of mice infected with DUB-negative MERS-CoV, innate immune responses were induced at an 

51 earlier stage of infection than in wt virus-infected mice. This group also showed a clearly increased 

52 survival, indicating that the DUB activity is an important MERS-CoV virulence factor. This proof-of-

53 concept study establishes that the engineering of DUB-negative coronaviruses, which elicit a more 

54 effective immune response in the host, is a viable strategy for vaccine development. 

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

The copyright holder for this preprint (which wasthis version posted August 29, 2019. ; https://doi.org/10.1101/751578doi: bioRxiv preprint 

https://doi.org/10.1101/751578
http://creativecommons.org/licenses/by/4.0/


4

55 Introduction

56 The Coronaviridae family includes numerous viruses that can cause respiratory and enteric disease in 

57 animals or humans. To date, six coronaviruses (CoVs) have been identified that have the ability to 

58 infect humans, including two that have caused global public health concerns due to high case-fatality 

59 rates. Firstly, in 2003, an outbreak of severe acute respiratory syndrome coronavirus (SARS-CoV) led 

60 to about 8000 confirmed human infections with a case-fatality rate of around 10% (1). Fortunately, 

61 within 6 months, the epidemic spread of SARS-CoV could be halted by conventional public health- 

62 and quarantine measures. Secondly, since 2012, about 2500 laboratory-confirmed cases of human 

63 infection with Middle East respiratory syndrome coronavirus (MERS-CoV) have been reported (2). 

64 Given the ~35% MERS case-fatality rate, this implies that the number of MERS-related deaths now 

65 exceeds the death toll of the 2003 SARS-CoV outbreak. Although MERS cases were reported from 27 

66 different countries, the vast majority of human infections have occurred in Saudi Arabia where the 

67 virus was also first recovered from an infected individual. It was subsequently identified as a 

68 previously unknown CoV by genome sequence analysis (3, 4). MERS-CoV appears to be widespread 

69 among dromedary camels (5), which shed the virus from their upper respiratory tract (6) and were 

70 identified as a reservoir from which repeated spill-over to humans has occurred (7, 8). Nevertheless, 

71 bats, which harbour many different CoV species including a variety of SARS- and MERS-like CoVs, are 

72 considered to be the most likely wild-life reservoir for both these viruses (9, 10). The MERS problems 

73 are further augmented by secondary human infections acquired in household settings or health-care 

74 facilities (11). To date, therapeutics nor vaccines to prevent or treat MERS-CoV infections have been 

75 approved. 

76 Host organisms have evolved antiviral defense systems, whereas pathogens in turn have 

77 adapted to evade these systems or suppress their activation (12). Upon infection, the vertebrate 

78 host’s first line of defense is the innate immune response, which is initiated when pathogen-

79 associated molecular patterns, such as double-stranded (ds) RNA, are sensed by pathogen 

80 recognition receptors (13). After initial sensing, activation of subsequent signalling cascades leads to 
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81 nuclear translocation of the transcription factors interferon regulatory factor (IRF) 3, IRF7 and NF-κB, 

82 which drives expression of antiviral molecules such as interferons (IFNs) and other pro-inflammatory 

83 cytokines. Type I IFNs (IFN-α/β) and type III IFNs (IFN-λ) induce expression of interferon-stimulated 

84 genes (ISGs) with the distinction that, due to receptor restrictions, IFN-λ can only induce ISGs in 

85 epithelial cells, whereas ISGs induced by type I IFNs can be expressed by virtually any cell type (14, 

86 15). ISGs are antiviral effector proteins that limit virus replication and spread. Moreover, some ISGs 

87 can enhance pathogen recognition and thereby innate immune signalling (16). NF-κB-mediated 

88 production of cytokines like TNF-α, IL-6, and IL-8, are important for the inflammatory response as 

89 well as for attracting and activating immune cells (17). Type I IFNs also play a major role in 

90 stimulating expression and production of other immune mediators like IFN-γ and cytokines by 

91 diverse innate immune cells. Additionally, antigen presentation by dendritic cells is enhanced and 

92 also the survival and activity of B and T cells is modulated by type I IFNs, which underlines the 

93 importance of type I IFNs in shaping adaptive immune responses (18, 19). The fine-tuning of innate 

94 immune responses is crucial and therefore the activities of signalling molecules in these pathways 

95 are tightly regulated by post-translational modifications such as phosphorylation and ubiquitination 

96 (20). Ubiquitination is the covalent conjugation of ubiquitin (Ub), an evolutionally conserved protein, 

97 via attachment of its C-terminal Gly76 residue to the N-terminal residue or any Lys residue of a 

98 protein substrate (21). Conjugation of Ub can also occur to previously conjugated Ub moieties on the 

99 N-terminus or at any of the seven Lys residues in Ub itself, leading to the formation of polyUb chains 

100 with different topologies and functions (22, 23). Ubiquitination is performed by a cascade of three 

101 enzymes: an E1 Ub-activating enzyme, an E2 Ub-conjugating enzyme and an E3 Ub ligase. The 

102 reverse reaction, the removal of Ub from substrates, is performed by proteases that are known as 

103 deubiquitinating enzymes (DUBs) (24). In the context of the innate immune response, ubiquitination 

104 is essential for the activation or induced degradation of many factors in the signalling cascade, while 

105 specific cellular DUBs can downregulate the signalling to protect cells from adverse over-reactions of 

106 the system (25, 26). In response, many viruses have developed means to evade activation of the 
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107 immune response by modulating the Ub-system, for example by expressing virus-encoded DUBs 

108 (vDUBs) or E3 ligases, or by hijacking or blocking the activity of host DUBs or E3 ligases (27, 28).  

109 Coronaviruses are positive-stranded RNA viruses with large genomes of 26- to 34-kb, which 

110 have a highly conserved organization (29). The first two-thirds of their genome encode the replicase 

111 polyproteins (pp1a and pp1ab) that yield 15 or 16 non-structural proteins (nsps) following cleavage 

112 by internally-encoded proteases. Structural and accessory proteins are expressed from the 

113 remaining one-third of the genome, using a nested set of viral subgenomic RNAs that are produced 

114 in infected cells (30). Viral RNA synthesis is thought to occur in close association with virus-induced 

115 membranous ‘replication organelles’, including double-membrane vesicles that label abundantly for 

116 dsRNA (31). Melanoma differentiation-associated gene 5 (MDA5), a cytosolic innate immune sensor, 

117 was proven to be crucial for detecting murine CoV replication (32). Despite the production of viral 

118 RNA species that can activate the host’s innate immune response, IFNs and pro-inflammatory 

119 cytokines are hardly expressed or only appear late in cell culture-based infection models for various 

120 CoVs (33-37). In a mouse model for SARS-CoV infection, a delayed and subsequently excessive IFN 

121 response was shown to induce severe lung immunopathology, due to the influx of inflammatory 

122 monocyte-macrophages leading to elevated levels of cytokines and chemokines (38). Similar 

123 pathological observations were made in a mouse model for lethal MERS-CoV infection, which is 

124 based on a mouse-adapted virus obtained by serial passaging of the parental virus in mice (39). 

125 Coronaviruses employ various strategies to prevent immune detection and actively suppress or 

126 delay activation of the immune system, which is thought to contribute to viral virulence and 

127 pathogenesis (40). The structural membrane (M) protein and multiple accessory proteins of MERS-

128 CoV have been shown to antagonize type I IFN- as well as NF-κB responses (41-46). Several other 

129 mechanisms of interference with the innate immune response were attributed to CoV nsps, 

130 specifically nsp1, 3, 15, and 16. Nsp1 of β-CoVs has been shown to alter host antiviral gene 

131 expression by selectively targeting mRNAs for degradation (47, 48). The CoV macrodomain in nsp3, 

132 which has de-ADP-ribosylation activity, antagonizes innate immune signalling (49, 50). Moreover, 

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

The copyright holder for this preprint (which wasthis version posted August 29, 2019. ; https://doi.org/10.1101/751578doi: bioRxiv preprint 

https://doi.org/10.1101/751578
http://creativecommons.org/licenses/by/4.0/


7

133 inactivation of the nsp15 endoribonuclease led to a severely attenuated virus that strongly activated 

134 sensors MDA5, PKR, and 2’,5’-oligoadenylate synthetase (51, 52), suggesting that the enzyme 

135 normally serves to prevent activation of the immune response. Inactivation of the MHV nsp16 2’O-

136 methyltransferase, which was shown to be pivotal for protection of CoV RNA from recognition by 

137 MDA5, enhanced IFN-β expression upon infection (53). In contrast, inactivation of this activity in 

138 SARS-CoV did not induce a robust IFN-β response, but it did attenuate the virus in cell culture-based 

139 infections and mice (54). Finally, the papain-like protease (PLP) in nsp3 can bind and cleave Ub and 

140 ISG15 from substrates, most likely to suppress the antiviral responses (reviewed by (55)). In the case 

141 of α-CoVs and lineage A β-CoVs, nsp3 contains two PLPs (PLP1 and PLP2), of which usually one has 

142 DUB activity, while the remaining β-CoVs, and also γ- and δ-CoVs, express a single PLP (PLpro) with 

143 DUB activity. The DUB activity of CoV PLPs was first discovered for SARS-CoV and subsequently PLpro 

144 was shown to suppress innate immune signalling pathways upon its ectopic expression (56-58). In 

145 similar experimental settings, these features have now been demonstrated for a variety of CoV PLPs, 

146 including MERS-CoV PLpro (55, 59, 60).

147 Disruption of antagonists of the IFN response can be an approach for modified live virus 

148 (MLV) vaccine design because such virus mutants will still possess the natural immunogens, while 

149 being attenuated-by-design. Due to their reduced capability to evade the innate immune system, 

150 they would be anticipated to induce enhanced immune responses. This concept was successfully 

151 applied to influenza virus A and B by removing or mutating the NS1 protein, a well-characterized IFN 

152 antagonist. This yielded strongly attenuated viruses that provided protective immunity in mice and 

153 induced neutralizing antibodies in humans (61-63). More recently, in vivo attenuation of MERS-CoV 

154 in a mouse model was achieved by deletion of open reading frames (ORFs) 3 to 5, or by inactivation 

155 of the nsp16 2’O-methyltransferase (45, 64). In our current study, we aimed to eliminate the DUB 

156 activity of MERS-CoV PLpro to evaluate its role during infection in cell culture as well as a mouse 

157 model, and to determine if a DUB-negative MERS-CoV is attenuated and a potential MLV vaccine 

158 candidate. Based on the crystal structure of the MERS-CoV PLpro-Ub complex, the Ub-binding site of 
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159 PLpro was equipped with substitutions that reduced the DUB activity but did not noticeably affect 

160 polyprotein cleavage (65). This is important because PLpro plays a crucial role in virus replication 

161 during the liberation of nsp1 to nsp4 from pp1a and pp1ab. In earlier research, the impact of such 

162 DUB-inactivating substitutions was characterized in cell culture-based experiments in which mutant 

163 PLpro domains were overexpressed and, in accordance with the results of others, were found to have 

164 lost the ability to suppress activation of the IFN-β/NF-κB promoter (65-67). Here we describe the 

165 generation of recombinant (r) DUB-negative MERS-CoVs with amino acid substitutions in PLpro, to 

166 analyse for the first time, the impact of the DUB function on infection. These mutant viruses had 

167 similar growth kinetics as wt rMERS-CoV, however mRNA levels for IFN-β and ISGs were significantly 

168 higher in cells infected with DUB-negative rMERS-CoV. In a lethal MERS-CoV infection model in mice, 

169 the DUB-negative virus was found to be strongly attenuated as the survival rate of mice infected 

170 with this mutant was significantly higher than for wt virus-infected mice. Furthermore, DUB-negative 

171 virus was cleared faster from the lungs and mRNA levels of IFNs, ISGs, and cytokines were 

172 upregulated earlier relative to those in control mice infected with wt rMERS-CoV. Collectively, this 

173 demonstrates that CoV PLpro’s DUB activity enhances virulence in an animal model and that selective 

174 removal of this activity could be a basis for the design of MLV vaccines.
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175 Materials and Methods

176 Cell culture 

177 HuH7 cells (a kind gift of Dr. Ralf Bartenschlager, Heidelberg University) were maintained at 37°C in 

178 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM; Lonza) with 8% fetal calf serum (FCS; 

179 Bodinco BV), 100 units/ml penicillin (Lonza), 100 units/ml streptomycin (Lonza), 2 mM L-glutamine 

180 and non-essential amino acids (both PAA). MRC5 cells (ATCC CCL-171) were cultured in Eagle’s 

181 minimum essential medium (EMEM; Lonza) with the same supplements as used in the medium for 

182 HuH7 cells. BHK-21 cells (ATCC CCL-10) were grown in Glasgow minimum essential medium (Gibco) 

183 supplemented with 8% FCS, 100 units/ml penicillin, 100 units/ml streptomycin, 10% tryptose 

184 phosphate broth (Gibco), and 10 mM Hepes (pH 7.4; Lonza).

185

186 Construction and launch of recombinant mutant MERS-CoV

187 A full-length MERS-CoV cDNA in a bacterial artificial chromosome (BAC) vector (68) was previously 

188 equipped with a T7 RNA polymerase promoter and a unique 3’-terminal NotI site for run-off 

189 transcription (43). After passaging of the MERS-CoV EMC/2012 isolate in Vero cells, a premature 

190 stop codon in ORF5 was observed in the minority of sequence reads, but this substitution became 

191 fixed upon additional virus passaging (4, 39). To limit the development of genetic variation in ORF5 

192 upon passaging of rMERS-CoV in cells, we decided to introduce this premature stop codon at ORF5 

193 codon 108 in the MERS-CoV full-length clone (further explanation on the use of this adaptation is 

194 provided in the Results section). This clone, pBAC-MERS-CoV-ORF5stop, was generated by two-step 

195 en-passant in vivo recombineering reactions in E. coli (69). Subsequently, substitutions in the PLpro-

196 coding sequence were introduced in this clone using the same procedure. Primer sequences to 

197 introduce substitutions in pBAC-MERS-CoV are available upon request. Bacmids were isolated from 

198 bacteria and sequenced to verify the presence of the introduced substitution(s). pBAC-MERS-CoV-

199 ORF5stop and derivatives thereof were linearized with NotI and they were purified by phenol-

200 chloroform extraction and ethanol precipitation. Approximately 1 µg DNA was used as a template 
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201 for in vitro transcription using the mMESSAGE mMACHINE T7 transcription kit (Thermo Fisher 

202 Scientific). BHK-21 cells (5x106) were electroporated with 5 µg of this in vitro transcribed RNA using 

203 the Nucleofector 2b device (Lonza; program T-020) with Cell Line Nucleofector Kit T (Lonza). 

204 Immediately after electroporation, the cells were taken up in prewarmed cell culture medium and 

205 mixed with HuH7 cells (5x106) before seeding in a 75-cm2 flask. Virus-containing supernatants were 

206 collected when complete cytopathogenic effect (CPE) was observed, normally 3 to 4 days after the 

207 electroporation. Harvested virus was passaged once in HuH7 cells to grow a virus stock used for 

208 further experiments. 

209

210 rMERS-CoV titration and sequencing

211 rMERS-CoV titers were determined by plaque assay on HuH7 or MRC5 cells, essentially as previously 

212 described for SARS-CoV (70). HuH7 cells were fixed after an incubation period of 3 days whereas 

213 MRC5 cells were fixed after 4 days. To determine the 50% tissue culture infectious dose (TCID50), 5-

214 fold serial dilutions of pre-diluted rMERS-CoV stocks were prepared and used to infect HuH7 cells in 

215 flat-bottom microplates (96-wells). After 3 days, cells were fixed with formaldehyde, monitored for 

216 cytopathogenic effect, and the TCID50 was calculated using the Spearman & Kärber method (71).

217 In order to confirm the presence of the intended substitutions in the rMERS-CoV PLpro-coding 

218 sequence, RNA was isolated from virus-containing supernatants (passage 1) with the QIAamp Viral 

219 RNA Mini Kit (Qiagen). Total RNA was reverse-transcribed to cDNA using RevertAid H minus reverse 

220 transcriptase (Thermo Fisher Scientific) and random hexamers. The PLpro domain (nucleotides 4435-

221 5409 of MERS-CoV ORF1a/1ab) was amplified by PCR using Accuzyme DNA polymerase (Bioline) and 

222 after purification the PCR product was sequenced.

223

224 Evaluation of rMERS-CoV replication and induced immune responses

225 HuH7 cells were infected with wt or mutant rMERS-CoV at a multiplicity of infection (MOI) of 0.01 or 

226 5, to analyse multi- or single-cycle infections, respectively. MOI 0.01 or 1 was used to infect MRC5 
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227 cells. The rMERS-CoV inoculum was prepared in PBS containing DEAE (0.005% w/v) and 2% FCS, 

228 which was put on the cells for 1 h at 37°C. Inocula were removed and EMEM supplemented with 

229 antibiotics and 2% FCS was added to the cells. Following a high-MOI infection, cells were first 

230 washed three times with PBS before adding medium. Supernatants were harvested at various time 

231 points and rMERS-CoV titers were determined by plaque assay on HuH7 cells. After removal of the 

232 supernatant, infected cells were washed once with PBS and then lysed with RA1 buffer 

233 supplemented with β-mercaptoethanol for total RNA isolation using the NucleoSpin RNA II kit 

234 (Machery-Nagel). RNA served as a template in a reverse transcription (RT) reaction with RevertAid H 

235 minus reverse transcriptase and a combination of oligo(dT)20 primer (90%) and random hexamers 

236 (10%). To measure host immune responses, real-time quantitative (q) PCRs using iTaq SYBR Green 

237 Supermix (BioRad) were performed on a CFX384 Touch™ Real-Time PCR Detection System (BioRad). 

238 The following targets were amplified: IFN-β (5’-GTCACTGTGCCTGGACCATA-3’ and 5’-

239 CTTGAAGCAATTGTCCCGT-3’), IFN-induced protein with tetratricopeptide repeats 2 (IFIT2; 5’-

240 ATGTGCAACCTACTGGCCTAT-3’ and 5’-TGAGAGTCGGCCCATGTGATA-3’), viperin (5’-

241 CGTGAGCATCGTGAGCAATG-3’ and 5’-TCTTCTTTCCTTGGCCACGG-3’), MERS-CoV genome (5’-

242 CCCTCGACTCCAGGCTTCTGC-3’ and 5’-ATGTGCACACCGCGAGGCAT-3’), and ribosomal protein L13a 

243 (RPL13a; 5’-AAGGTGGTGGTCGTACGCTGTG-3’ and 5’-CGGGAAGGGTTGGTGTTCATCC-3’). Using 

244 NormFinder software (72), RPL13a was identified as a suitable normalization gene. Quantification 

245 was done using the standard curve method using standard dilution series that were included in the 

246 qPCR. Furthermore, data was normalized against the relative quantities of RPL13a mRNA and mRNA 

247 levels of wt-infected MRC5 were set to 1. Significance relative to wt was calculated using an 

248 unpaired Student’s t-test and p values < 0.05 were considered statistically significant. 

249

250 rMERS-CoV infection of cytokeratin 18-hDPP4 mice 

251 Wild-type or V1691R rMERS-CoV grown on HuH7 cells (passage 1) was titrated by plaque assay on 

252 HuH7 cells as described above. Mice expressing hDPP4 under control of the cytokeratin (K) 18 
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253 promoter (73) were anesthetized with isofluorane and intranasally inoculated with MERS-CoV (1x105 

254 PFU per mouse) diluted in DMEM to a volume of 50 µl. Control mice were mock-infected with 50 µl 

255 DMEM. Mice were examined and weighed daily. The set endpoint was at 14 days post inoculation 

256 (p.i.), except for mice that died or reached a humane endpoint before that time. At other 

257 predetermined time points mice were euthanized, lungs were removed and divided for 

258 determination of the rMERS-CoV titers and for RNA isolation. In parallel, blood samples were taken 

259 and processed by centrifugation (1,000 x g for 5 min) to obtain sera, also before the rMERS-CoV 

260 infection sera was collected. Virus stocks used for the mouse experiment were prepared in the 

261 biosafety level 3 (BSL3) facilities at Leiden University Medical Center. The animal experiment itself 

262 was conducted in a BSL3 laboratory at Center for Animal Health Research (CISA-INIA) in Madrid, 

263 while sample analysis was performed at Leiden University Medical Center. Animal experimental 

264 protocols were approved by the Ethical Committee of the Center for Animal Health Research (CISA-

265 INIA) (permit numbers: 2011–009 and 2011–09) in strict accordance with Spanish National Royal 

266 Decree (RD 1201/2005) and international EU guidelines 2010/63/UE about protection of animals 

267 used for experimentation and other scientific purposes and Spanish Animal Welfare Act 32/2007.

268

269 rMERS-CoV isolation from K18-hDPP4 mice

270 Lung parts from infected mice were weighed and placed in a gentleMACS M Tube (Miltenyi Biotec) 

271 containing 2 ml of PBS with 100 units/ml penicillin, 100 units/ml streptomycin (Lonza), 50 µg/ml 

272 gentamycin (Sigma-Aldrich), and 0.25 µg/ml Fungizone (Gibco). Lung tissues were homogenized with 

273 the gentleMACS dissociator by running program Lung_02 three times (Miltenyi Biotec). 

274 Homogenized samples were centrifuged at 9,500 x g for 5 min and supernatants were collected. 

275 Thereafter, rMERS-CoV titers were determined by plaque assay on HuH7 cells as described before. 

276 Statistical significance (p < 0.05) between wt and V1691R rMERS-CoV titers was determined using an 

277 unpaired Student’s t-test.

278
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279 RNA isolation from lungs of rMERS-CoV-infected mice and RT-qPCR

280 To preserve the integrity of RNA, lungs were soaked in RNAlater (Thermo Fischer Scientific) directly 

281 after harvesting, and stored at -80°C. For RNA extraction, lungs were transferred to a gentleMACS M 

282 Tube containing 2 ml of RA1 buffer (Machery-Nagel) supplemented with 1% β-mercaptoethanol. 

283 Tissue was dissociated in the gentleMACS dissociator using program RNA_02 (Miltenyi Biotec). 

284 Subsequently, samples were centrifuged at 9,500 x g for 5 min and supernatants were aliquoted. 

285 RNA was then isolated following the standard protocol of the NucleoSpin RNA II kit (Machery-Nagel). 

286 RT-qPCRs and their analysis were performed as described above but with the following deviation. To 

287 measure mRNA levels of CCL5, IL-6, and IFIT2, a triplex qPCR with TaqMan probes was performed 

288 with HotStarTaq Master mix (Qiagen) whereas all other targets were amplified using gene-specific 

289 primer sets and iTaq SYBR Green Supermix (BioRad). All primers and probe sequences can be 

290 requested.

291 The obtained cDNA was also used to verify that the V1691R substitution in MERS-CoV PLpro 

292 was retained after several rounds of virus replication in mice. PCR and sequencing to determine the 

293 PLpro-coding sequence was executed as described above.  

294

295 Virus neutralization test 

296 Serum dilutions were prepared in round-bottom microplates (96-wells) containing EMEM 

297 supplemented with antibiotics and 2% FCS. Serum samples were heat-inactivated at 56°C for 30 min, 

298 after which two-fold serial dilutions were prepared with a 1:5 dilution as starting point. To each well, 

299 an amount of MERS-CoV equalling 100 TCID50 units was added and incubated at 37°C for 1 h, to 

300 allow virus neutralization. Subsequently, samples (volume of 150 µl) were used to infect HuH7 cells 

301 (1x104/0.32-cm2) which had been seeded in flat-bottom microplates (96-wells) one day earlier. Cells 

302 were incubated for 3 days at 37°C and subsequently fixed with the addition of 30 µl of 37% 

303 formaldehyde. Cell layers were microscopically assessed for CPE and subsequently stained with 

304 crystal violet. As a positive control for virus neutralization, rabbit antisera raised against a synthetic 
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305 MERS-CoV antigen (S1-Fc, containing residues 358-588 of the viral S protein) were included (74). 

306 Back titration of MERS-CoV, to confirm the dose of the used inoculum was within the acceptable 

307 range of 30 to 300 TCID50, was done by adding two-fold dilutions starting with the diluted MERS-

308 CoV (100 TCID50) to HuH7 cells. TCID50 was calculated using the Spearman & Kärber method (71). 

309 Virus neutralization tests were performed twice, and the mean of the two measurements was used. 
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310 Results

311 DUB-negative PLpro mutants are viable and genetically stable

312 In our previous work, we described amino acid substitutions in the Ub-binding site of MERS-CoV 

313 PLpro that specifically disrupt its DUB activity without affecting the overall proteolytic activity (65). 

314 Using ectopic expression of mutant PLpro domains, we could implicate the DUB activity in 

315 antagonizing the host innate immune response (65). However, we now aimed to obtain direct proof 

316 that the enzyme also counteracts the type I IFN response in the context of the MERS-CoV-infected 

317 cell. A BAC-based MERS-CoV reverse genetics system (43, 68), based on the sequence of the 

318 EMC/2012 isolate (4), served as the starting point for this study. 

319 A premature stop codon in ORF5 was seen in 45% of the sequence reads of the cell culture 

320 passage 6 MERS-CoV EMC/2012 isolate and appeared to be fixed after additional virus passaging in 

321 Vero cells (4, 39). Accessory ORFs like ORF5 are dispensable for MERS-CoV replication in cell culture 

322 and their protein products have been implicated in suppression of the innate immune response and 

323 NF-κB activation (45, 68). Indeed, deletion of ORF5 did not alter virus replication compared to wt 

324 MERS-CoV in Vero 81, HuH7, and Calu-3 cells (45, 75). However, higher levels of inflammatory 

325 cytokines were produced in Calu-3 cells upon infection with virus lacking ORF5 compared to wt virus 

326 (45). To avoid complications due to ORF5 evolution and associated changes in host immune 

327 suppression while generating PLpro mutant virus stocks for our studies, all PLpro mutants were 

328 engineered using a full-length construct containing the premature stop codon at ORF5 codon 108. 

329 Into this backbone, we subsequently introduced substitutions, based on the MERS-CoV pp1a/pp1ab 

330 amino acid numbering, V1691R, T1653R, and V1674S, as well as the combinations T1653R+V1691R 

331 and T1653R+V1674S+V1691R (named “double mutant” and “triple mutant”, respectively, from this 

332 point on). Val1691 and Thr1653 map to the S1 Ub-binding site of MERS-CoV PLpro and have direct 

333 interactions with Ub, in contrast to Val1674 that was hypothesized to associate with the distal Ub of 

334 poly-Ub chains (65). In cell culture-based reporter assays, the V1691R substitution reduced the DUB 

335 activity of PLpro most effectively, T1653R impaired it to a lesser extent, whereas V1674S only 
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336 marginally reduced it (65). In all cases, proteolytic activity of the protease towards the polyprotein 

337 backbone remained intact.

338 To launch wt and mutant rMERS-CoV, BHK-21 cells were transfected with in vitro transcribed 

339 MERS-CoV RNA. Progeny virus was harvested and virus stocks were then grown in HuH7 cells. Virus-

340 induced CPE was observed for the wt control as well as all DUB-negative mutants listed in the 

341 previous paragraph, indicating that these viruses were viable and cytopathogenic in cell culture. 

342 Virus titers were determined by plaque assay on HuH7 and MRC5 cells and additionally plaque 

343 phenotypes were examined. The plaque size of rMERS-CoV V1691R was slightly smaller compared to 

344 wt rMERS-CoV on both cell lines (Fig 1). Plaques of mutants T1653R and V1674S were comparable in 

345 size to those of the wt control. However, when combined with the V1691R substitution in double or 

346 triple mutants, plaque sizes were more variable and on average slightly decreased (Fig 1). To verify 

347 whether the substitutions were retained during virus propagation in HuH7 cells, RNA was isolated 

348 from virus-containing supernatant and used for RT-PCR amplification and sequencing. The PLpro-

349 coding region of the genome was sequenced and after one passage the presence of all engineered 

350 substitutions was confirmed, in the absence of any additional (unintended) substitutions. Together, 

351 this demonstrated that rMERS-CoV mutants carrying changes in the Ub-binding site of PLpro are 

352 viable and, at least initially, genetically stable in our experimental setting. 

353

354 DUB-negative MERS-CoV PLpro mutants have normal replication kinetics but 

355 induce an enhanced innate immune response

356 In order to characterize the rMERS-CoV PLpro DUB-negative mutants, their replication kinetics and 

357 the induced innate immune responses were analyzed during single- and multi-cycle infections of 

358 HuH7 and MRC5 cells. For single-cycle experiments, we employed an MOI of 5 or 1 for HuH7 and 

359 MRC5 cells, respectively. V1691R, the single substitution that reduced PLpro’s DUB activity most 

360 effectively, when engineered into rMERS-CoV showed identical replication kinetics as wild-type 

361 rMERS-CoV, since the two viruses grew to similar titers in both cell lines at the different time points 
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362 tested (Fig 2A and B). Also, the other mutants yielded titers comparable to wt virus 24 h p.i. when 

363 MRC5 cells were infected with MOI 1 (Fig 2C). Notably, rMERS-CoV peak titers were approximately 

364 1-log higher in MRC5 cells compared to HuH7 cells. For multi-cycle infection experiments, cells were 

365 infected with an MOI of 0.01 and virus-containing supernatants were harvested 24 and 48 h p.i. At 

366 both these time points, there was no significant titer difference between wt virus and mutant 

367 V1691R (Fig 2D-G). Essentially similar results were obtained for all other DUB-negative mutants 

368 tested (Fig 2D-G), suggesting that overall replication in human cells is not affected by substitutions in 

369 the Ub-binding site of MERS-CoV PLpro. 

370 Despite the lack of clear replication differences in cell culture, we anticipated that viruses 

371 with impaired DUB activity would be less capable of suppressing the innate immune response. Both 

372 MRC5 and HuH7 cells can mount an IFN response upon stimulation with poly(I:C), a synthetic mimic 

373 of dsRNA (data not shown). To assess whether DUB-negative mutants indeed induce a stronger 

374 innate immune response than wt rMERS-CoV, mRNA levels of IFN-β, IFIT2, and viperin in infected 

375 cells were measured by real-time RT-qPCR. Additionally, virus replication was evaluated by 

376 monitoring the intracellular accumulation of MERS-CoV genomic RNA. Data were normalized to 

377 house-keeping gene RPL13A, and are presented as fold increase over mock-infected cells. IFN-β 

378 levels were below the detection limit (Ct values > 35) in wt or DUB-negative rMERS-CoV-infected 

379 HuH7 cells, while these cells did have, although limited, upregulated IFN-β levels upon transfection 

380 of poly(I:C) (data not shown). Also in mock-infected MRC5 cells IFN-β mRNA was hardly detectable 

381 and therefore only a comparison was made between wt and DUB-negative-infected MRC5 cells. 

382 Upon single-cycle infection of MRC5 cells, significantly higher mRNA levels of IFN-β (~4-fold), IFIT2 

383 (~3-fold), and viperin (~4-fold) were measured upon infection with V1691R rMERS-CoV compared to 

384 wt rMERS-CoV (Fig 3A-C). The double mutant showed a more pronounced increase while the single 

385 T1653R mutation did not affect the mRNA levels of the qPCR targets at all (Fig 3A-C). Also, cells 

386 infected with viruses carrying the V1674S substitution induced a very low response comparable to 

387 that against wt virus (Fig 3A-C). Wild-type and mutant viral genomic RNA levels were similar in 
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388 infected cells (Fig 3D). In multicycle infections of MRC5 cells, V1691R rMERS-CoV induced higher 

389 levels of IFN-β and ISGs mRNA than wt virus (IFN-β ~3-fold, IFIT2 ~4-fold, and viperin ~8-fold; Fig 3E-

390 G). This was even more pronounced with the double mutant, while addition of the V1674S 

391 substitution unexpectedly reduced IFN-β and ISG responses relative to the double mutant (Fig 3E-G). 

392 The additive effect of T1653R implies that this substitution, when combined with V1691R, is further 

393 reducing Ub-binding. PLpro mutants T1653R and V1674S generated responses comparable to those 

394 against wt virus, and virus genome levels were similar (Fig 3E-H). Interestingly, MERS-CoV genome 

395 levels were lower in cells infected with V1691R, with the double, and with the triple mutant, 

396 compared to wt virus in these multicycle infections (Fig 3H), indicating that these mutations 

397 eventually do have impact of the replication of the virus, probably due to the higher innate immune 

398 responses they elicit. Collectively, viruses containing the T1653R or V1674S substitution did not 

399 induce different host responses in MRC5 cells compared to wt virus. In contrast, V1691R rMERS-CoV 

400 elicited a clear upregulation of IFN-β and ISG mRNAs, which was even more prominent when 

401 combined with the T1653R substitution. 

402

403 Increased survival of mice infected with DUB-negative rMERS-CoV 

404 As shown in Fig 2, rMERS-CoV V1691R and wt virus had similar replication kinetics in mammalian 

405 cells, but infection with the former resulted in an upregulation of the mRNA levels for IFN-β and ISGs 

406 (Fig 3). This prompted us to evaluate this DUB-negative virus in a lethal mouse model for MERS-CoV 

407 infection, which relies on transgenic mice expressing the human DPP4 (hDPP4) receptor under the 

408 control of the K18 promoter (73). Intranasal inoculation of these mice leads to MERS-CoV replication 

409 in the lungs and production of interferons, cytokines, and chemokines. Ultimately, the animals 

410 develop pathological changes in their lungs but also in their brain, and most likely the mice die of 

411 neurological disease due to MERS-CoV infection in the brain (73). 

412 We aimed to investigate V1691R rMERS-CoV infection of these transgenic mice with respect 

413 to its lethality and the innate immune responses in the lung. To this end, mice were infected 

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

The copyright holder for this preprint (which wasthis version posted August 29, 2019. ; https://doi.org/10.1101/751578doi: bioRxiv preprint 

https://doi.org/10.1101/751578
http://creativecommons.org/licenses/by/4.0/


19

414 intranasally with 1x105 PFU of either wt or DUB-negative rMERS-CoV, whereas a third group of mice 

415 was mock-infected. Each group contained a total of 16 mice of which 12 animals per group were 

416 euthanized at early time points. The remaining four animals from each of these three groups were 

417 monitored for a period of 14 days to assess their survival and measure their body weight on a daily 

418 basis. All four mice infected with wt rMERS-CoV died or had to be euthanized after reaching a 

419 humane endpoint by day 7 or 8 p.i. (Fig 4A). In contrast, only one of the four mice infected with 

420 DUB-negative rMERS-CoV died at day 8 p.i., while the other three mice survived for the full 14-day 

421 period (Fig 4A). Even with the small number of animals used for this experiment, this difference in 

422 survival between mice infected with wt or DUB-negative rMERS-CoV is statistically significant (log-

423 rank test p value = 0.028). Both wt and DUB-negative rMERS-CoV-infected mice lost weight over the 

424 course of infection (Fig 4B), but in all three surviving mice infected with DUB-negative rMERS-CoV 

425 this weight loss was reversed from day 10 p.i. forward (Fig 4C). The results clearly suggested that the 

426 virulence of the DUB-negative virus was reduced compared to wt virus. 

427

428 DUB-negative rMERS-CoV is cleared faster from mice lungs than wt virus 

429 To measure rMERS-CoV replication and the innate immune responses the viruses elicited in lungs of 

430 infected mice, we euthanized four animals from each group at days 1, 2, and 4 p.i. Lungs were 

431 removed and part of the material was homogenized and used for virus titration. For wt rMERS-CoV, 

432 progeny titers were approximately 1x106 PFU per g of lung tissue during the first four days after 

433 infection (Fig 5). The DUB-negative virus reached similar virus titers as the wt control during the first 

434 two days p.i., indicating that this virus also replicates well in mice. Unexpectedly, however, it proved 

435 impossible to recover virus from the lungs of three of the mice infected with DUB-negative rMERS-

436 CoV (twice in the day 1 p.i. group, and once in the day 2 p.i. group; Fig 5). Consequently, it remains 

437 unclear whether these three animals had been successfully inoculated. All DUB-negative rMERS-CoV-

438 infected mice that were euthanized at day 4 p.i. were virus-positive, and their lung titers were 

439 significantly lower than in wt virus-infected mice at that time point (Fig 5), suggesting that the DUB-
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440 negative virus is cleared faster from the lungs than wt rMERS-CoV. Virus titers were also determined 

441 in mice that died from the infection at day 7-8 p.i. and in survivors of the infection at day 14. By day 

442 7-8 p.i., the rMERS-CoV wt titers were around 1x104 PFU per g of lung tissue, signifying that virus 

443 titers decreased over time (Fig 5). The virus titer of the single mouse that died of the DUB-negative 

444 virus infection was 2x103 PFU per g of lung tissue (Fig 5). Virus could not be recovered from the lungs 

445 of any of the mice that had survived the infection with DUB-negative rMERS-CoV after 14 days (Fig 

446 5). 

447 In order to verify whether the DUB-inactivating substitution in the MERS-CoV mutant was 

448 stably maintained during the animal experiment, sequencing of the PLpro-coding region of the 

449 genome was performed. To this end, lung tissue was homogenized, RNA was isolated, and the PLpro-

450 coding sequence was amplified by RT-PCR and sequenced. In wt virus-infected mice, the consensus 

451 sequence of the PCR product was found to be identical to the sequence of the BAC-based cDNA 

452 clone from which the rMERS-CoV had been launched (data not shown). RT-PCR and sequencing were 

453 successful using RNA isolated from all mice infected with DUB-negative rMERS-CoV from which also 

454 DUB-negative rMERS-CoV was recovered (Fig 5), and revealed the presence of the V1691R 

455 substitution in PLpro without additional substitutions in PLpro (data not shown). No virus-specific RT-

456 PCR product could be obtained from the lungs of mice that were found negative for infectious virus 

457 at day 1 or 14 p.i. (data not shown; Fig 5). For one mouse inoculated with DUB-negative rMERS-CoV, 

458 although virus could not be isolated at 2 days p.i. (Fig 5), a virus-specific RT-PCR product could be 

459 obtained using another piece of its lung, after which the presence of the PLpro mutation could be 

460 confirmed by sequencing. Possibly, in this particular mouse, the virus was distributed unequally in 

461 the lungs during intranasal inoculation, explaining why only some parts were virus-positive at 2 days 

462 p.i. Similar issues may explain the lack of virus isolation for the two mice that were negative for the 

463 mutant virus at 1 day p.i., as for the described experiments not the entire lungs were used, and as 

464 there was no obvious technical reason to suggest inoculation failure. Overall, our data established 
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465 that the DUB-negative virus, which stably maintained the V1691R substitution, is cleared faster from 

466 the lungs of infected mice than wt virus. 

467

468 Accelerated innate immune responses following infection with DUB-negative 

469 rMERS-CoV

470 We hypothesized that the significantly higher survival rate of mice infected with the V1691R mutant 

471 and the faster clearance of DUB-negative rMERS-CoV from the lungs were the result of enhanced 

472 innate immune responses due to the loss of PLpro’s DUB activity. To investigate this, we analyzed the 

473 mRNA levels of innate immune factors and cytokines from the lungs of infected mice. Real-time RT-

474 qPCRs were performed and results were normalized to the mRNA of RPL13A, a housekeeping gene 

475 selected for its stability in the infected mice. The selected mRNA targets were representative for 

476 innate immune responses that are relevant for MERS-CoV infection and included IFNs (IFN-β and 

477 IFN-λ), ISGs (ISG15 and IFIT2), the cytokine TNFα that is controlled by NF-κB activation, the pro-

478 inflammatory cytokine IL-6, and the chemokine CCL5 (Fig 6) (76). 

479 After the first day of infection, the mRNA levels for all targets were similarly low in wt and 

480 DUB-negative rMERS-CoV-infected mice (Fig 6). At 2 days p.i., transcript levels in wt rMERS-CoV-

481 infected mice were comparable to those in mock-infected mice while a clear increase was measured 

482 in DUB-negative rMERS-CoV-infected mice (Fig 6). For ease of visualization, the mean fold increase 

483 for each target is presented in Fig 6, while the fold increase for each individual mouse is displayed in 

484 S1 Fig to be able to show the variation in the responses between mice in the same group. Notably, 

485 the IFN-β and IFN-λ values for the wt MERS-CoV-infected mice showed less variation than those of 

486 the mock-infected animals, suggesting that the wt virus efficiently suppressed the expression of 

487 these cytokines at day 2 p.i. (S1A and B Fig, compare fold increase of mock and wt-infected mice at 

488 day 2 p.i.). The mean level of IFN transcripts in DUB-negative rMERS-CoV-infected mice was clearly, 

489 although not statistically significantly, higher than in the mock and wt virus-infected mice (Fig 6A 

490 and B). ISG15 and IFIT2 mRNA levels were found to be slightly elevated in wt rMERS-CoV-infected 
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491 mice relative to mock-infected mice, while an even more pronounced increase was seen in DUB-

492 negative rMERS-CoV-infected mice (Fig 6C and D). The upregulation of IFN-β mRNA in individual 

493 DUB-negative MERS-CoV-infected mice corresponded to the increased levels of ISG mRNAs in the 

494 same mice at 2 days p.i. (S2 Fig) This illustrates that the ISG responses measured were likely induced 

495 by upregulation of type I IFNs in these animals. Due to the limited group size and considerable 

496 variation in the responses between the four mice that received DUB-negative rMERS-CoV (S1 Fig, 

497 see fold increase of DUB-negative virus-infected mice at day 2 p.i.), the difference in mRNA levels 

498 between wt and DUB-negative rMERS-CoV-infected mice at 2 days p.i. was not statistically 

499 significant. However, the trend of an accelerated increase of mRNA levels was clearly there for all 

500 innate immune targets upon infection with DUB-negative rMERS-CoV. This strongly suggests that, 

501 compared to the wt control virus, the DUB-negative virus is less able to suppress innate immune 

502 responses resulting in an earlier reaction.  

503 By day 4 p.i., a very different innate immune response in the mice was seen compared to the 

504 response at 2 days p.i. (Fig 6). In the DUB-negative virus group, the increase of innate immune 

505 transcripts was slightly lower relative to 2 days p.i. (Fig 6), and the variation in mRNA levels between 

506 the four mice was smaller in this group at 4 days than at 2 days p.i. (S1 Fig, compare e.g. the IFN-β 

507 fold increase of each individual V1691R-infected mouse at day 2 p.i. with day 4 p.i.), suggesting 

508 down-regulation of the response by day 4 p.i. in this group of mice. Wild-type virus-infected mice 

509 showed, however, a very strong increase in transcript levels for all tested targets between 2 and 4 

510 days p.i. Especially the mRNA levels of IFN-β, IFN-λ, and IL-6 were remarkably upregulated (Fig 6A, B, 

511 and F). Together, this demonstrates that between 2 and 4 days p.i. the mRNA levels of innate 

512 immune factors, cytokines, and chemokines were already down-regulated in the DUB-negative virus-

513 infected mice, in contrast to the strong upregulation observed for rMERS-CoV wt-infected mice. 

514 We expected that the early immune responses would be further down-regulated over time 

515 in the mice infected with the DUB-negative mutant. To confirm this, mRNA levels were determined 

516 in lungs of the three surviving mice infected with V1691R rMERS-CoV and mock-infected mice at 14 
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517 days p.i. The number of transcripts of innate immune factors and cytokines was similar between 

518 these two groups, indicating that all mRNAs in surviving animals were back to an almost basal level 

519 (S3 Fig). In summary, DUB-negative MERS-CoV induced an earlier, and subsequently again 

520 downregulated, innate immune response, whereas wt virus-infected mice show a relatively late and 

521 excessive response. 

522

523 Neutralizing antibodies in DUB-negative rMERS-CoV-infected mice

524 The three mice that survived the infection with DUB-negative mutant rMERS-CoV V169R were 

525 euthanized 14 days p.i. and their sera were collected. Prior to infection, their pre-immune sera had 

526 also been obtained. To determine whether a neutralizing antibody response against MERS-CoV had 

527 developed, despite the relatively recent infection, we performed virus neutralization tests (VNTs). 

528 Pre-immune sera did not contain antibodies that could neutralize MERS-CoV (VNT titer <5) (data not 

529 shown). This was also true for the day 14 p.i. serum of one mouse. However, in the two other mice 

530 low levels of virus-neutralizing antibodies were measured (VNT titers of 15 and 20), suggesting that 

531 their adaptive immune system had been activated by the infection with DUB-negative rMERS-CoV, 

532 resulting in the production of antibodies that have neutralizing capacity.
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533 Discussion

534 Many viral proteases with a primary role in virus replication have evolved to target host cell 

535 proteins, and often these accessory cleavage events indirectly affect viral replication and 

536 pathogenesis (77). Coronaviral PLpros constitute a striking example of this kind of dual functionality, 

537 as they not only cleave multiple sites in the replicase polyproteins of which they are part, but can 

538 also deconjugate Ub, and Ub-like modifiers such as ISG15, presumably to suppress innate immune 

539 responses (55). Studying this DUB activity in the context of the CoV-infected cell is difficult because 

540 both PLpro functionalities rely on the same enzymatic active site, which cannot be inactivated without 

541 killing virus replication. Therefore, in our earlier research, we explored an alternative approach to 

542 selectively inactivate the DUB activity of MERS-CoV PLpro. Based on the available crystal structure of 

543 the PLpro-Ub complex, we disrupted the enzyme’s Ub-binding site to minimize its affinity for Ub (65). 

544 Based on assays carried out in expression systems, it was concluded that the DUB activity of PLpro 

545 could indeed be inactivated almost completely without affecting the proteolytic activity needed for 

546 viral polyprotein cleavage (65). Subsequently, our study suggested that the DUB activity of MERS-

547 CoV PLpro may indeed be involved in suppressing innate immune responses, as DUB-negative PLpro 

548 was no longer able to downregulate IFN-β promoter activity. We have now engineered mutant DUB-

549 negative viruses, thereby convincingly extending these observations to MERS-CoV infected-cells, in 

550 culture and in vivo. We characterized the replication and the innate immune responses these viruses 

551 induce in comparison to wt virus. 

552 Interestingly, some of the DUB-negative viruses, specifically those containing the V1691R 

553 substitution, induced higher levels of IFN-β and ISG mRNAs than wt virus in MRC5 cells, confirming a 

554 role of PLpro in innate immune suppression, now demonstrated during infection (Fig 3). However, this 

555 upregulation of the type I IFN response did not reduce the progeny titers of DUB-negative rMERS-

556 CoV in MRC5 cells (Fig 2). We did observe that the plaque size of rMERS-CoV containing the V1691R 

557 substitution was slightly smaller when compared to wt virus (Fig 1), suggesting that the mutant virus 

558 was somehow affected after all. Also, in multi-cycle infections, MERS-CoV genome levels were 
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559 reduced upon infection with DUB-negative MERS-CoVs carrying the V1691R substitution (Fig 3H), 

560 confirming a modest effect on virus RNA replication in cell culture. This suggests that, in this 

561 experimental set-up, the increased IFN expression and subsequent ISG response somewhat 

562 influences viral RNA replication but not, at least not noticeably, the production of infectious 

563 progeny. The decrease in MERS-CoV genome RNA levels was not observed in single-cycle infections 

564 in cell culture, highlighting that primary replication of the mutant viruses is not affected by the 

565 substitution in PLpro. In summary, by specifically disrupting the PLpro interaction surface that binds 

566 Ub, we have demonstrated that the DUB activity of PLpro indeed contributes to innate immune 

567 evasion in the context of the MERS-CoV-infected cell.

568 The importance of vDUB activity in the context of infection has thus far been tested for only 

569 a few viruses. Previously, the vDUB activity of equine arteritis virus (EAV), belonging to the order 

570 Nidovirales like CoVs, and Crimean-Congo haemorrhagic fever virus (CCHFV), a nairovirus in the 

571 order Bunyavirales, were specifically eliminated by mutagenesis (78, 79). These vDUBs are members 

572 of the ovarian tumor domain-containing family of DUBs and are structurally different from CoV 

573 PLpros, which belong to the ubiquitin-specific protease DUB family. The replication of CCHFV was 

574 attenuated in IFN-competent cells upon DUB inactivation, due to the induction of a more robust 

575 immune response (78). DUB-negative EAV replicated like wt virus in equine lung fibroblasts, but did 

576 elicit enhanced innate immune responses (79). Nevertheless, in vivo the mutant virus provided an 

577 equal level of protection as the parental (attenuated) virus (80). Recently, the structural equivalent 

578 of the MERS-CoV V1691R substitution was introduced into SARS-CoV PLpro, yielding mutant SARS-

579 CoV with a M1748R substitution (using SARS-CoV pp1a/pp1ab amino acid numbering) (81). 

580 Compared to the wt control, replication of this mutant virus was slightly delayed in cell lines that can 

581 mount an innate immune response, and it induced higher IFN-β mRNA levels (81). We here took the 

582 characterization of DUB-negative CoV mutants to the next level, by testing a DUB-negative MERS-

583 CoV mutant in an animal model for the first time. 
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584 Recombinant MERS-CoV V1691R was tested in a transgenic mouse model for lethal MERS-

585 CoV infection, which is based on hDPP4 expression under control of the K18 promoter (73). 

586 Consequently, hDPP4 was expressed in the lungs, brain, and various other organs. After intranasal 

587 inoculation, MERS-CoV replication was observed in lungs and wt rMERS-CoV titers were stable over 

588 the first four days of infection, showing 1x106 PFU per g of lung tissue (Fig 5). Although this is lower 

589 than the previously reported peak titer at 2 days p.i. of 6x107 PFU per g of lung tissue (73), it shows 

590 that we obtained robust virus replication of rMERS-CoV in these mice. In the previous study by Li et 

591 al., mice died at 6-7 days p.i. most likely due to neurological disease as a result of the infection in the 

592 brain in which MERS-CoV titers increased over time, although a contribution of lung damage to the 

593 eventual cause of death may also be likely (73). In wt MERS-CoV-infected K18-hDDP4 mice lung 

594 pathology was indeed observed, characterized by vascular thrombi, alveolar oedema, degenerating 

595 cells, and cellular debris in lymphatic vessels (73). In accordance with those data, wt rMERS-CoV 

596 infection was lethal also in our hands, and all mice died at 7-8 days after infection (Fig 4A). Likely, 

597 the mice that succumbed to the infection also had MERS-CoV infection of the brain, however, the 

598 experimental circumstances did not allow us to take samples to support this assumption. Strikingly, 

599 infection with the DUB-negative virus resulted in a significantly increased survival compared to the 

600 animals infected with the wt virus (Fig 4A). The DUB-negative virus reached the same titers in the 

601 lungs as the wt virus by 2 days p.i., but these had dropped significantly by 4 days p.i. while they 

602 stayed high in the wt virus-infected mice (Fig 5). In future research, it will be interesting to 

603 determine whether histopathology is reduced in mice infected with DUB-negative rMERS-CoV to 

604 confirm that earlier virus clearance and reduced tissue damage correlates with increased survival, 

605 relative to in wt virus-infected mice. 

606 Messenger RNA levels for IFNs (IFN-β and IFN-λ), ISGs (ISG15 and IFIT2), and pro-

607 inflammatory cytokines (IL-6 and TNFα) started to rise in lungs of DUB-negative rMERS-CoV-infected 

608 mice at 2 days p.i. (Fig 6). Although there was no statistically significant difference compared to wt 

609 virus-infected mice, the trend of faster upregulation of these mRNAs was quite clear. Moreover, the 
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610 fact that the levels for all these transcripts increased simultaneously strengthens the conclusion that 

611 the DUB-negative rMERS-CoV induced an accelerated innate immune response compared to the wt 

612 virus, again confirming the role of the PLpro DUB activity in suppression of innate immune responses, 

613 now also in the context of a mouse model. The transcript levels of IFNs and cytokines slightly 

614 decreased in DUB-negative rMERS-CoV-infected mice at 4 days p.i., but in wt rMERS-CoV-infected 

615 mice the mRNA levels were extremely upregulated (Fig 6). We therefore hypothesize that the 

616 difference in survival rate is likely due to an accelerated, and after induction properly down-

617 regulated, innate immune response in DUB-negative virus-infected mice, which is likely more 

618 effectively clearing the virus and preventing tissue damage, protecting these mice from lethality 

619 (Figs 4-6). In contrast, the response in wt virus-infected mice is first suppressed and then at later 

620 time points it is extremely upregulated (Fig 6). These results resemble the late and excessive IFN and 

621 pro-inflammatory cytokine response that likely contributes to lung immunopathology as observed 

622 for SARS-CoV infection in mice (38, 76). Recently, it was also demonstrated that the timing of the 

623 type I IFN response was crucial in the outcome of a MERS-CoV infection in mice (82). In line with our 

624 results, early administration of type I IFN was protective (comparable to responses induced by DUB-

625 negative rMERS-CoV) whereas late administration promoted lethality (like in wt rMERS-CoV-infected 

626 mice) (82). Together, these observations support a concept in which delayed and aberrantly 

627 regulated innate immune response as a result of viral innate immune evasion importantly 

628 contributes to pathogenesis during infection. Notably, it is possible that other cellular processes 

629 besides innate immunity are influenced by PLpros DUB activity, which might also affect mice survival. 

630 Therefore, it remains important to make a full inventory of cellular protein targets that are 

631 deubiquitinated by PLpro, and to assess how such targets affect host responses and survival by 

632 influencing the innate immune system and other cellular processes. Thus, the DUB-negative rMERS-

633 CoV can be an important tool to further explore CoV-host interactions. 

634 In two of the mice that survived the DUB-negative rMERS-CoV infection, we could measure 

635 neutralizing antibodies against MERS-CoV. The third surviving mouse did, at this relatively early time 
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636 point of 14 days p.i., not have a detectable neutralizing antibody titer. The observed variation might 

637 be related to the course of infection, as the weight loss of this third mouse was the smallest of the 

638 three mice that survived the infection (Fig 4C, mouse 1), suggesting that MERS-CoV infection was 

639 milder than in the other two animals. It will be interesting to measure the acquired protection in the 

640 DUB-negative MERS-CoV infected mice by challenging them with (lethal) MERS-CoV. Although more 

641 in-depth characterization is necessary, the DUB-negative MERS-CoV may be a MLV vaccine candidate 

642 that can induce antibody responses as well as T-cell responses, which both are important for 

643 providing long-term effective protection against CoV infections (83-85). Interestingly, for MERS-CoV, 

644 vaccines are currently being designed for use in humans as well as dromedary camels, the latter 

645 aiming to reduce virus circulation and transmission to humans (84-86).

646 In summary, our results demonstrate, for the first time, that the presence of PLpro’s DUB 

647 activity causes a delay in the innate immune response, which has a major impact on pathogenesis in 

648 the mouse model used. Pathogenesis and lethality can thus be reduced by removal of the DUB 

649 activity, resulting in earlier, better-regulated and therefore likely more effective innate immune 

650 response that helps to clear the virus and decreases pathogenicity, despite the initial viral replication 

651 being similar to that seen in wt virus infections. Our study has thus also provided the proof-of-

652 concept for the in vivo attenuation of MERS-CoV, which provides a basis to advance the analysis of 

653 the innate response as well as antibody and T-cell-mediated responses triggered by infection with 

654 DUB-negative MERS-CoV. It creates the opportunity to apply this strategy to develop MLV vaccines 

655 against MERS-CoV as well as other CoVs of societal or economic importance, such as porcine 

656 epidemic diarrhoea virus, feline CoV, avian infectious bronchitis virus, and bovine CoV. Also in the 

657 CoV field, the “attenuation-by-design” approach to eliminate one or more innate immune evasive 

658 functions may offer a general and effective strategy for MLV development.
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669 Figure legends

670 Fig 1. Plaque phenotype of rMERS-CoV PLpro mutants. Plaque assays on HuH7 and MRC5 cells are 

671 presented for wt and DUB-negative rMERS-CoV with single, double or triple substitutions in PLpro. 

672

673 Fig 2. Growth of rMERS-CoV PLpro mutants. HuH7 cells were infected with wt or DUB-negative 

674 rMERS-CoV with MOI 5 (A) or 0.01 (D and E), whereas an MOI of 1 (B and C) or 0.01 (F and G) was 

675 used to infect MRC5 cells. At different time points p.i., culture supernatants were harvested and 

676 rMERS-CoV progeny titers were determined by plaque assay on HuH7 cells. Growth curves (A and B) 

677 were performed once, while all other infections were repeated independently three times. Error 

678 bars represent the standard deviation. 

679

680 Fig 3. Immune responses in MRC5 cells infected with wt or DUB-negative rMERS-CoV. MRC5 cells 

681 were infected with wt or DUB-negative rMERS-CoV with MOI 1 (A-D) or 0.01 (E-H) and intracellular 

682 RNA was isolated at 24 h or 48 h p.i., respectively. Levels of IFN-β mRNA (A and E), IFIT2 mRNA (B 

683 and F), viperin mRNA (C and G), and MERS-CoV genomic RNA (D and H) were determined by real-

684 time RT-qPCRs and normalized to transcript levels of RPL13a. Results were obtained in three 

685 independent experiments, error bars represent the standard deviation, and asterisks show a 

686 significant difference in elicited responses between wt and DUB-negative rMERS-CoV (p < 0.05).

687

688 Fig 4. Survival and weight loss of mice infected with wt or DUB-negative rMERS-CoV. Mice that 

689 express hDPP4 under the control of the K18 promoter were infected with 1x105 PFU wt or DUB-

690 negative V1691R rMERS-CoV, or were mock-infected. Survival data (A) are from four infected 

691 animals per group. The weight of the mice (B) was monitored daily and the mean of the group of 

692 four mice is presented with error bars showing the standard deviation. The weight of each individual 

693 mouse infected with DUB-negative rMERS-CoV is presented in (C). 

694
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695 Fig 5. Replication of wt and DUB-negative rMERS-CoV in mice. Groups of four K18-hDPP4 mice 

696 infected with wt or V1691R rMERS-CoV were euthanized at days 1, 2, or 4 after infection. Lungs 

697 were removed and homogenized, and rMERS-CoV lung titers were measured by plaque assay on 

698 HuH7 cells. Recombinant MERS-CoV titers in lungs were also determined in mice that died at day 7 

699 or 8 after the infection, and in the three DUB-negative rMERS-CoV-infected mice that were 

700 euthanized at 14 days p.i. The mean per group and the rMERS-CoV titer in PFU per gram of lung 

701 tissue are presented for each mouse. The asterisk indicates a significant difference between wt and 

702 V1691R rMERS-CoV, determined with a Student’s t-test (p < 0.05). 

703

704 Fig 6. Innate immune responses of mice infected with wt or DUB-negative rMERS-CoV. RNA was 

705 isolated from lungs of mice infected with wt or DUB-negative rMERS-CoV, or mice that had been 

706 mock-infected. RNA was used in real-time RT-qPCRs to measure the fold induction of the mRNA 

707 levels of IFN-β (A), IFN-λ (B), ISG15 (C), IFIT2 (D), TNFα (E), IL-6 (F) and CCL5 (G). Results were 

708 analysed using the standard curve method and normalised to the mRNA level of the RPL13a gene. 

709 The mean per group is presented and the dashed line represents the average that was set to 1 for 

710 the mock-infected mice. Statistical significance between wt and DUB-negative MERS-CoV-infected 

711 mice is shown (* p < 0.05). 
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934 Supporting information

935 S1 Fig. Innate immune responses of each infected mouse. In the lungs of wt virus, DUB-negative 

936 virus, or mock-infected mice, the fold induction in mRNA levels of IFN-β (A), IFN-λ (B), ISG15 (C), 

937 IFIT2 (D), TNFα (E), IL-6 (F) and CCL5 (G) was measured by real-time RT-qPCR. The mean per group as 

938 well as the results per individual mouse are presented, and statistical significance is shown (* p < 

939 0.05). 

940

941 S2 Fig. Innate immune responses of individual rMERS-CoV-infected mice. Real-time RT-qPCR were 

942 performed on RNA isolated from wt or V1691R rMERS-CoV-infected mice at 2 days p.i. mRNA levels 

943 of IFN-β, ISG15 and IFIT2 for each individual mouse are shown, the dashed line at a fold increase of 1 

944 indicates the set average of mock-infected mice.  

945

946 S3 Fig. Immune responses in mice that survived the infection with DUB-negative rMERS-CoV. 

947 Isolated RNA from lungs of mice infected with DUB-negative rMERS-CoV or mice that were mock-

948 infected was used in real-time RT-qPCRs. mRNA levels of IFN-β (A), IFN-λ (B), ISG15 (C), IFIT2 (D), 

949 TNFα (E), IL-6 (F) and CCL5 (G) were analyzed using the standard curve method and were normalized 

950 to relative levels of RPL13a. The mean and the value of each individual mouse is presented.
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