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35 ABSTRACT 

36 The interplay between human cytomegalovirus (HCMV) and the innate immune 

37 response is a critical process that has attracted the attention of many research groups. 

38 The emerging scenario is that the immune response of an HCMV-infected host is 

39 mediated by a plethora of viral DNA sensors acting as pattern recognition receptors 

40 (PRRs), which are capable of inhibiting indirectly viral infection through the 

41 activation of two distinct downstream signaling cascades. The first one triggers the 

42 production of cytokines, chemokines and interferons (IFNs), while the second one 

43 leads to inflammasome complex formation, which in turn promotes the maturation 

44 and secretion of pro-inflammatory cytokines such as interleukin-1β (IL-1β). An 

45 additional first line of defense against HCMV is represented by a multiplicity of 

46 constitutively expressed restriction factors that inhibit viral replication by directly 

47 interfering with the activity of essential viral/cellular genes. Here, we take a closer 

48 look at some of the most representative intrinsic restriction factors involved in HCMV 

49 infection (e.g. IFI16, ND10 complex, viperin and APOBEC3) and review our current 

50 understanding of the mechanisms that HCMV has evolved to counteract both IFN and 

51 inflammasome responses.

52
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60 1. Introduction 

61 The human cytomegalovirus (HCMV) is a β-herpesvirus with the largest 

62 genome of all known human viruses (~235,000 bp) able to cause lifelong infections in 

63 humans. In the developed world, 40-60% of individuals are infected by time they 

64 reach adulthood, with seroprevalence approaching 100% in some populations 

65 (Cannon et al., 2010; Griffiths et al., 2015). 

66 Although initial HCMV infection is often asymptomatic in healthy individuals, 

67 it can cause severe and sometimes fatal disease in immunocompromised individuals 

68 and neonates (Britt, 2017). In this regard, HCMV is one of the most common cause of 

69 birth defects resulting from an infectious agent, with 20% of congenitally infected 

70 infants exhibiting permanent neurological sequelae, including blindness, deafness 

71 and/or mental disability (Rawlinson et al., 2017). HCMV can also cause severe 

72 diseases in organ transplant recipients and AIDS patients after either primary infection 

73 or reactivation of latent infection (Navarro, 2016). To make things worse, 

74 immunosuppressed individuals are at potential risk of HCMV primary infection or re-

75 infection and, eventually, reactivation of their endogenous latent virus. 

76 Even though a vaccine is not yet available, HCMV can be treated with several 

77 inhibitors of viral replication. Five compounds are currently licensed to treat 

78 established HCMV infections: ganciclovir (GCV), its oral prodrug valganciclovir 

79 (VGCV), foscarnet (FOS), cidofovir (CDV) and fomivirsen (Ahmed, 2011). 

80 However, despite encouraging clinical outcomes, their use has been hampered by 

81 major associated adverse effects. One of these is represented by haematopoietic 

82 toxicity, which, along with long-term toxicity, low potency and poor bioavailability, 

83 limits the therapeutic efficacy of antiviral therapies in neonates and precludes their 

84 use in pregnant women (James and Kimberlin, 2016; Rawlinson et al., 2017). Another 

85 important issue concerning HCMV-related diseases management is the emergence of 

86 antiviral-resistant HCMV strains, especially in severely immunocompromised patients 

87 (Komatsu et al., 2014). Moreover, while these drugs are effective against the lytic 

88 replication cycle of HCMV, they do not affect the latent virus (Poole and Sinclair, 

89 2015; Wills et al., 2015).

90 Throughout evolution, HCMV has acquired a number of different strategies to 

91 modulate and evade the human immune response, thereby achieving high infection 

92 efficiency and widespread dissemination in the host body (Christensen and Paludan, 
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93 2017; Noriega et al., 2012). Nevertheless, the human immune system is still capable 

94 of building a robust immune response against HCMV infection. This is clearly 

95 supported by the observation that all primary infections in immunocompetent hosts 

96 are virtually asymptomatic, whereas HCMV disease occurs mostly in individuals with 

97 an immature or compromised immune system. (Luecke and Paludan, 2015).

98 In this review, we will discuss the interplay between HCMV and the innate 

99 immune response together with the multiple strategies devised by HCMV to escape 

100 from immune surveillance. We will also highlight the different DNA sensing 

101 mechanisms and the viral restriction factors (RFs) involved in keeping this virus in 

102 check. Finally, we will focus on two of the main players of innate immunity, the 

103 interferon (IFN) and inflammasome systems.

104 2. Sensing HCMV by the host DNA sensors 

105 Infection of host cells by HCMV triggers rapid intracellular innate immune 

106 responses largely initiated by pattern recognition receptors (PRRs), germline-encoded 

107 molecules able to detect evolutionarily conserved pathogen-associated molecular 

108 patterns (PAMPs) (Brubaker et al., 2015). During HCMV infection, viral DNA is 

109 detected by a myriad of PRRs that promote the activation of antiviral responses to 

110 protect the host cells. Infected cells detect the presence of HCMV very early, and by 

111 4-8 hours post-infection they start producing pro-inflammatory cytokines, such as 

112 type I IFN (IFN-I) and activating RFs to antagonize viral replication (Luecke and 

113 Paludan, 2015; Orzalli and Knipe, 2014).

114 PRRs can be divided into two main groups depending on their subcellular 

115 localization. The first one consists of PRRs located on the plasma and endosomal 

116 membranes able to recognize extracellular PAMPs. These include Toll-like receptors 

117 (TLRs) and C-type lectin receptors (CLRs) (Dambuza and Brown, 2015; Takeuchi 

118 and Akira, 2010; West et al., 2012). These membrane-bound PRRs are largely 

119 expressed by antigen presenting cells, such as macrophages and dendritic cells. The 

120 second group includes intracellular PRRs found in the cytoplasm or nuclei of 

121 mammalian cells. These include NOD-like receptors (NLRs) (Kim et al., 2016), 

122 retinoic acid-inducible gene-I (RIG-I), I-like receptors (RLRs) (Loo and Gale, 2011), 

123 cyclic GMP/AMP synthase (cGAS) (Chen et al., 2016), AIM2-like receptors (ALRs) 

124 (Dell’Oste et al., 2015; Huang et al., 2017a), and Z-DNA-binding protein 1 (ZBP1), 



6

125 also known as DNA-dependent activator of IFN-regulatory factors (DAI) (DeFilippis 

126 et al., 2010). 

127 In the following sections, we will review the main PRRs involved in HCMV 

128 DNA sensing activity (Figure 1).

129 2.1. TLR

130 The first evidence of a role played by TLR signaling during the innate immune 

131 response triggered by HCMV was obtained while studying TLR2. In the "classic" 

132 TLR2 pathway, PAMP binding to the receptor induces the enrollment of the adaptor 

133 protein MyD88 and interleukin (IL)-1 receptor-associated kinases (IRAK-4 and -1) 

134 via death domain interactions. The following phosphorylation and ubiquitination 

135 cascades switch on the NF-κB and MAP kinase (MAPK) pathways that in turn trigger 

136 the transcription of numerous pro-inflammatory cytokines such as IL-6, tumor 

137 necrosis factor (TNF)-α and IFN-β (Oliveira-Nascimento et al., 2012). In particular, 

138 TLR2 was shown to recognize HCMV gB and gH on the plasma membrane, resulting 

139 in the activation of the NF-κB pathway in a MyD88-dependent manner, followed by 

140 the production of inflammatory cytokines, such as IL-6, IL-8, IL-12 and IFN-β 

141 (Barbalat et al., 2009; Boehme et al., 2006; Compton et al., 2003; Juckem et al., 

142 2008). Consistent with these results, impaired TLR2 function is often correlated with 

143 clinical cases of HCMV. Specifically, liver transplant recipients carrying an 

144 inactivating point mutation in the Toll-IL-1 receptor (TIR) domain of TLR2 show a 

145 higher HCMV load, indicating that TLR2 recognition is critical in controlling HCMV 

146 infection (Kijpittayarit et al., 2007). Recently, HCMV miR-UL112-3p (HCMV-

147 encoded miRNA) has been associated with efficient down-regulation of endogenous 

148 TLR2 during infection and significant inhibition of its downstream signaling cascade 

149 (Landais et al., 2015). 

150 In addition to TLR2, endosomal TLR3 and TLR9 are also involved in HCMV 

151 DNA detection. In this regard, a recent study has shown that HCMV infection 

152 upregulates TLR2, TLR3 and TLR9 in monocytes in the presence of the human 

153 scavenger receptor A type 1 (SR-A1) (Yew et al., 2010). TLR2, Lyn kinase and the 

154 p35 subunit of IL-12 were all upregulated within 10 minutes of HCMV infection in 

155 THP-1 monocytes. Interestingly, inhibition of Lyn kinase, which is correlated with 

156 SR-A1, causes the inhibition of TLR9 signaling and moves the response to both a 
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157 primarily TLR3 driven IFN-β response and a non-canonical TLR3 driven NF-κB 

158 response. Additionally, CpG-B-mediated stimulation of TLR9 can enhance HCMV 

159 infection in fibroblasts through an unknown mechanism, indicating that TLR9 

160 signaling plays an important role during viral replication (Iversen et al., 2009). 

161 Finally, a particular polymorphism (T-1237C) altering the TLR9 promoter activity 

162 (Novak et al., 2007) has been shown to correlate with symptomatic HCMV infection 

163 in stem cell transplants (Carvalho et al., 2009). 

164 Altogether, these results highlight the involvement of multiple TLR-associated 

165 pathways in the recognition of and response to HCMV. 

166 2.2. NLRs

167 The nucleotide-binding oligomerization domain (NOD)-like receptor (NLRs) 

168 family was originally reported to induce the NF-κB pathway in response to bacterial 

169 pathogens. More recently, induction of alternative signaling reminiscent of antiviral 

170 responses, including the IFN pathway and autophagy, has been reported (Kanneganti, 

171 2010). Among NLRs, NLRC5 is involved in IFN-dependent anti-HCMV immune 

172 responses. Indeed, infection of human fibroblasts with HCMV, but not heat-

173 inactivated virus, promoted NLRC5 mRNA expression within 24 hours following 

174 infection. Consistently, knockdown of NLRC5 altered the up-regulation of IFN-α in 

175 response to HCMV (Kuenzel et al., 2010). 

176 Induction of NOD2 and the downstream receptor-interacting serine/threonine-

177 protein kinase 2 (RIPK2) by HCMV, but not human herpesvirus 1 and 2 (HSV-1, 

178 HSV-2), is known to up-regulate antiviral responses and suppress virus replication. 

179 Upon infection, NOD2 activates downstream NF-κB and IFN pathways, leading to 

180 IL-8 and IFN-β production, respectively. Indeed, stable overexpression of NOD2 in 

181 human fibroblasts restricts HCMV replication and correlates with increment levels of 

182 IFN-β and IL-8. Furthermore, ectopic expression of the NOD2 3020insC mutant, 

183 associated with severe Crohn's disease, causes an increased HCMV replication and 

184 reduced levels of IFN-β (Kapoor et al., 2014). 

185 Recent findings have also demonstrated a role for NOD1 in HCMV sensing 

186 and subsequent inhibition. In contrast to NOD2, which responded efficiently to 

187 HCMV infection at a low MOI, activation of the highly expressed NOD1 following 

188 HCMV infection was observed over a wider range of MOI (Kapoor et al., 2016). In 
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189 agreement with these findings, NOD1 activation by Tri-DAP (NOD1 agonist) 

190 suppressed HCMV and induced IFN-β. Signaling through NOD1, resulting in HCMV 

191 suppression, was IKKα-dependent and correlated with nuclear translocation and 

192 phosphorylation of IRF3. Specific mutations in NOD1 caused differential effects on 

193 HCMV replication in vitro. In cells overexpressing the E56K mutation, which is 

194 involved in caspase activation and recruitment, virus replication was enhanced. By 

195 contrast, in cells overexpressing the E266K mutation or the wild-type NOD1, HCMV 

196 replication was inhibited. These changes were then shown to be most likely correlated 

197 with IFN-β expression (Fan et al., 2016). 

198 2.3. cGAS

199 cGAS is a DNA sensor directly engaged by HCMV dsDNA genome in the 

200 cytosol of infected cells. After DNA binding, it produces the second messenger cyclic 

201 GMP/AMP (cGAMP) (Bhat and Fitzgerald, 2014; Gao et al., 2013; Sun et al., 2013). 

202 cGAMP, which may also spread via gap junctions to bystander cells, binds to the 

203 adaptor protein stimulator of IFN genes (STING) in the endoplasmic reticulum (ER), 

204 causing a conformational change in the STING dimer (Zhang et al., 2013). Activation 

205 of STING results in its relocalization from the ER to ER-Golgi intermediate 

206 compartments (Dobbs et al., 2015), where it associates with the TANK-binding kinase 

207 1 (TBK1). This interaction leads to the subsequent phosphorylation of STING by 

208 TBK1, which causes the recruitment of IRF3 followed by its phosphorylation and 

209 nuclear translocation (Burdette and Vance, 2013; Liu et al., 2015). The cGAS-

210 STING-TBK1-IRF3 pathway regulates the early IFN response against HCMV. In this 

211 regard, CRISPR/Cas9-mediated disruption of STING expression in endothelial cells 

212 revealed an essential role of this adaptor protein in eliciting IFN-I responses as well as 

213 restricting HCMV replication (Lio et al., 2016; Paijo et al., 2016; Söderberg-Nauclér 

214 et al., 2001; Taylor-Wiedeman et al., 1991). Interestingly, although plasmacytoid 

215 dendritic cells (pDCs) expressed particularly high levels of cGAS, and the 

216 cGAS/STING axis was functional down-stream of STING, pDCs were found to be 

217 resistant to HCMV infection in a TLR9 signaling-dependent fashion. Nevertheless, 

218 monocyte-derived DCs (mDCs) and macrophages sensed the virus in a cGAS-

219 dependent manner (Paijo et al., 2016).

220 2.4. IFI16
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221 The DNA sensor IFI16 is an IFN-inducible protein, member of the pyrin and 

222 HIN domain (PYHIN) family, with a plethora of different cell functions, including 

223 anti-proliferative, pro-inflammatory and pro-apoptotic activities. This family 

224 comprises homologous human and mouse proteins that have one or two partially 

225 conserved 200-residue C-terminal domains (HIN) and an N-terminal pyrin domain 

226 (PYD) (Bawadekar et al., 2015). Crystallographic studies of the HINa and HINb 

227 domains of IFI16 have shown that both domains contain two 80 amino acid-long 

228 tandem -barrels, previously characterized as the oligonucleotide/oligosaccharide 

229 binding (OB) fold (Albrecht et al., 2005), capable of binding DNA directly (Jin et al., 

230 2012). This is true also for HCMV dsDNA, which is recognized by the IFI16 HIN 

231 domain during early stages of infection, leading to STING recruitment and TBK1-

232 IRF3-dependent pathway activation to induce IFN-β (Unterholzner et al., 2010). 

233 Interestingly, Diner et al. (2016) demonstrated a multiphasic pattern of IFI16 

234 subcellular localization using live-cell imaging. According to these data, following 

235 HSV-1 or HCMV infection, IFI16 first localizes at viral entry sites in the nuclear 

236 periphery and then to nucleoplasmic puncta. Furthermore, the IFI16 pyrin domain is 

237 required for nuclear periphery localization and oligomerization. During the late stages 

238 of infection, IFI16 appears to be mislocalized to the cytoplasmic viral assembly 

239 complex (vAC) where it is finally entrapped into mature virions (Dell’Oste et al., 

240 2014). Notably, the HCMV tegument protein pp65 (pUL83) blocks nuclear IFI16-

241 DNA sensing by binding directly the IFI16 pyrin domain, which in turn hinders its 

242 DNA-dependent oligomerization, thereby promoting IFI16 nuclear delocalization and 

243 inhibition of the immune response (Li et al., 2013). 

244 2.5. ZBPI/DNA

245 The interferon-inducible protein ZBP1, also known DAI and DLM-1, is a 

246 dsDNA sensor that mediates various innate immune responses (Takaoka et al., 2007). 

247 After entering into the host cells, HCMV activates ZBP1 by contact with tegument- or 

248 nucleocapsid-associated DNA. ZBP1 then promotes TBK1-mediated phosphorylation 

249 of both DDX3 and IRF3. Nuclear accumulation and DNA binding of phosphorylated 

250 DDX3 and IRF3 proteins lead to the transcription of IFN-β as well as IFN-stimulated 

251 genes (ISGs), including ZBP1 itself. Thus, HCMV-mediated activation of ZBP1 
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252 causes a positive feedback loop afterward amplified by IRF3 activation and activity 

253 (DeFilippis et al., 2010).

254 3. Manipulation of the interferon and inflammasome systems by HCMV 

255 Upon detection of viral pathogens, intracellular PRRs trigger a series of events 

256 leading to the activation of various transcription factors, including MAP kinases 

257 (MAPKs), NF-κB, IRF3, and IRF7, which mediates the transcriptional induction of 

258 IFNs and the release of pro-inflammatory chemokines to drive immune cells to the 

259 site of infection (Hoffmann et al., 2015; Mogensen, 2009). Among pro-inflammatory 

260 cytokines, pro-interleukin-1β (pro-IL-1β) and pro-interleukin-18 (pro-IL-18) are the 

261 main products of PRRs activation. These cytokines need however to be processed into 

262 their mature forms by multiprotein complexes known as inflammasomes before being 

263 secreted and promote the immune response (Lupfer et al., 2015a). Thus, in recent 

264 years the interplay among HCMV, IFNs, and the inflammasome has been addressed 

265 in a number of dynamic studies that will be discussed in detail in the following 

266 sections.

267 3.1. Interplay between the IFN system and HCMV

268 IFNs are grouped in three distinct families, classified as type I IFN (IFN-α, 

269 IFN-β, IFN-ε, IFN-κ and IFN-ω), type II IFN (IFN-γ) and type III IFN (IFN-λ1, IFN-

270 λ2, IFN-λ3 and IFN-λ4) with pleiotropic roles in immunity, autoimmunity and cancer 

271 biology (Hoffmann et al., 2015; Pollard et al., 2013). Even though recent evidence has 

272 pointed to an inhibitory function of IFN-λ activity against viral infections (Lopušná et 

273 al., 2013), IFN-I are generally regarded as the main mediators of the antiviral 

274 response. 

275 IFN-I promote cellular resistance against herpesvirus infection of fibroblasts, 

276 endothelial or epithelial cells (Trilling et al., 2012) through transcriptional activation 

277 of ISGs, which then display a broad antiviral activity (Brinkmann et al., 2015; 

278 Schoggins et al., 2014, 2011). These findings are supported by the observation that 

279 mice defective in IFN-I signaling are more prone to murine cytomegalovirus 

280 (MCMV) infection (Hoebe et al., 2003; Presti et al., 1998). Similarly, administration 

281 of IFN-I or inhibition of IFN-I signaling has been shown to alter HCMV replication in 

282 human fibroblasts (Paludan, 2016; Rossini et al., 2012). Interestingly, IFN induction 
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283 early after HCMV infection does not seem to rely on TLR signaling as levels of 

284 secreted IFN-β upon infection are not affected even when TLR2, TLR3, TRL7, TLR8 

285 or TLR9 signaling is inhibited (Marshall and Geballe, 2009a). By contrast, different 

286 nuclear or cytoplasmic PRRs are involved in the IFN signaling activation 

287 (Unterholzner, 2013). In particular, as aforementioned, the cGAS-STING axis is 

288 essential for activating the IFN-I pathway following HCMV infection, (Biolatti et al., 

289 2018; Diner et al., 2016; Jønsson et al., 2017; Paijo et al., 2016). 

290 Another PRR implicated in IFN activation is IFI16 although its exact role in 

291 this process has yet to be fully established and still remains controversial. In this 

292 regard, recent results have revealed that IFI16 and cGAS cooperate in STING 

293 activation upon treatment with exogenous DNA in human keratinocytes (Almine et 

294 al., 2017). In addition, IFI16 is essential for early DNA sensing in human 

295 macrophages by stimulating cGAMP production (Jønsson et al., 2017). However, the 

296 involvement of IFI16 in downstream signaling leading to IFN activation appears to be 

297 not as pronounced as that of cGAS, as demonstrated by experiments on IFI16 knock-

298 down fibroblasts where, in contrast to STING- and cGAS-depleted HFFs, a residual 

299 IFN-β production could still be detected (Biolatti et al., 2018). Partly consistent with 

300 these results, recent findings by Stetson and co-workers (Gray et al., 2016) have 

301 shown that IFI16 is not required for the IFN response to HCMV infection. 

302 Different conclusions have been reached in other cellular models. For 

303 example, cGAS- or STING-deficient THP-1 monocytes showed a significantly 

304 reduced amount of IFN-I production upon HCMV infection (Paijo et al., 2016). In 

305 line with these findings, THP-1 monocytes lacking IFI16 were still capable of 

306 mounting a robust IFN-I response that was significantly stronger than that of wild-

307 type THP-1 cells. 

308 Taking everything into account, it is likely that all these discrepancies could be 

309 ascribed to the different cellular types employed in these studies (e.g. monocytes, 

310 keratinocytes, fibroblasts or plasmacytoid dendritic cells), the dissimilar methods used 

311 to knock-down IFI16 (e.g. CRISPR/Cas 9, siRNA or shRNA), and finally the 

312 different viral strains and synthetic DNA employed to induce the IFN-I response.

313 3.2 HCMV evasion strategies from IFN antiviral activity
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314 Although HCMV encodes several viral factors able to counteract the IFN 

315 pathway, the exact mechanisms that allows HCMV to escape from the host immune 

316 surveillance still remain to be fully understood (Marshall and Geballe, 2009) (Figure 

317 2). 

318 Results from different groups (Abate et al., 2004; Biolatti et al., 2018; Browne 

319 and Shenk, 2003; Li et al., 2013) have shown that HCMV pp65 is the main inhibitor 

320 of IFN-I response. However, it is still a matter of debate at which level pp65 

321 counteracts IFN activation. Abate et al. (2004) have demonstrated that pp65 promotes 

322 IRF3 dephosphorylation and its export from the nucleus, affecting the balance of 

323 nuclear-cytoplasmic shuttling (Reich, 2002). By contrast, Browne et al. (2003) has 

324 shown that pp65 suppresses the induction of some, but not all, IFN-responsive genes 

325 by preventing the activation of NF-κB and IRF1. Finally, recent studies by Biolatti et 

326 al. (2018) have shown that pp65 binds cGAS and inhibits the release of a biologically 

327 active cGAMP, blocking its interaction with STING, thereby impairing the 

328 cGAS/STING signaling pathway.

329 Another main player of HCMV evasion from the IFN response is the HCMV 

330 tegument protein pp71 (pUL82) (Fu et al., 2017), which interacts with STING and 

331 iRhom2, thereby disrupting the STING-iRhom2-TRAPb complex and blocking 

332 STING trafficking. As a consequence, the assembly of the STING/TBK1/IRF3 

333 complex required for the innate antiviral response is severely impaired.

334 Recent studies by Choi et al. (2018) have shown that HCMV glycoprotein 

335 US9 inhibits the IFN-β response by targeting the mitochondrial antiviral-signaling 

336 protein (MAVS) and STING-mediated signaling pathways. In particular, the authors 

337 focused on the ability of US9 to disrupt STING oligomerization, STING/TBK1 

338 association through competitive interaction, and to block the IRF3 nuclear 

339 translocation and activation.

340 Finally, the HCMV immediate-early 2 protein (IE86) has also been shown to 

341 affect the production of IFN-β by blocking the binding of NF-κB to the IFN-β 

342 promoter (DeFilippis et al., 2006; Taylor and Bresnahan, 2006, 2005). In agreement 

343 with these findings, reduced protein levels of STING were observed in cells 

344 expressing IE86 protein, suggesting that IE86 could also target STING to inhibit IFN-

345 I signaling (Kim et al., 2017). 

346 3.3. HCMV and inflammasome modulation 
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347 Multiprotein complex inflammasomes occur in many forms and are mainly 

348 activated following recognition of PAMPs (Guo et al., 2015). A number of different 

349 inflammasomes have been so far identified; these include NLRP1-, NLRP3-, absent in 

350 melanoma 2 (AIM2)- and RIG-I-related inflammasomes (Chen and Ichinohe, 2015). 

351 After detecting the presence of specific PAMPs, PRRs act as scaffold proteins for 

352 each specific inflammasome complex, leading to the activation of caspases and 

353 cytokines. In particular, the inflammasome induces the expression of the inactive pro-

354 forms of pro-inflammatory cytokines IL-1β and IL-18 that trigger the production of 

355 adhesion molecules and chemokines involved in immune and inflammatory responses 

356 (Chen and Ichinohe, 2015; Garlanda et al., 2013). Maturation of these pro-cytokines 

357 requires the proteolytic cleavage of active pro-inflammatory caspases, particularly 

358 caspase-1, which is cleaved to give rise to the p10 and p20 subunits, which then form 

359 a tetrameric enzyme with a very high affinity for substrates (Martinon et al., 2002; 

360 Miller et al., 1993; Srinivasula et al., 2002; Yamin et al., 1996). Interestingly, caspase-

361 8 has recently been identified as an alternative protease that can process IL-1β either 

362 in the inflammasome system or independently (Bossaller et al., 2012; Gurung and 

363 Kanneganti, 2015; Moriwaki et al., 2015). Indeed, several studies have shown that 

364 caspase-8 can directly cleave pro-IL-1β leading to the secretion of the cytokine active 

365 form (Bossaller et al., 2012; Gringhuis et al., 2012; Gurung and Kanneganti, 2015). 

366 While the inflammasome involvement in counteracting many microbial 

367 infections is widely recognized, more recent evidence has shown that it may also 

368 mediate antiviral responses (Lupfer et al., 2015b; Shrivastava et al., 2016). In this 

369 regard, studies on MCMV (Rathinam et al., 2010; Shi et al., 2015) have reported 

370 inflammasome modulation during MCMV infections, and inflammasome activation 

371 has been also observed during monocyte and THP-1 derived macrophages infection 

372 with HCMV (Huang et al., 2017a; Yurochko and Huang, 1999). In contrast, Cristea 

373 and collaborators (Diner et al., 2016) did not observe any change in caspase-1 

374 cleavage during HCMV infection, which led them to postulate that the canonical 

375 inflammasome assembly was not taking place under their experimental conditions. In 

376 agreement with their data, our group has recently found that HCMV infection can 

377 trigger a non-canonical pathway leading to inflammasome-independent maturation of 

378 IL-1β via Fas/caspase-8 activation (Biolatti et al., unpublished results). Also in this 

379 case, HCMV pp65 appears to be one of the main players in HCMV immune evasion. 

380 This conclusion derives from the observation that, early during HCMV infection, a 
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381 mutant virus unable to express UL83-encoded pp65 can upregulate IL-1β 

382 transcription in fibroblasts in an NF-κB dependent manner (Biolatti et al., unpublished 

383 results). 

384 Previous studies confirmed the impact of pp65 in counteracting impairing 

385 inflammasome activation (Huang et al., 2017b). Particularly, the authors focused on 

386 the AIM2-inflammasome system, where the N-terminal pyrin (PY) domain of AIM2 

387 binds the adaptor molecule ASC and subsequently recruits pro-caspase-1 via CARD 

388 domain for its self-cleavage. Caspase-1 activation then promotes IL-1β maturation 

389 followed by its secretion (Huang et al., 2017b; Morrone et al., 2015; Schattgen and 

390 Fitzgerald, 2011). In this scenario, pp65 interacts with AIM2 in both HCMV-infected 

391 macrophages infected with HCMV and HEK293T cells transfected with pp65 and 

392 AIM2 expression vectors. Furthermore, ectopic expression of pp65 in recombinant 

393 HEK293T cells stimulated by with poly(dA:dT) resulted in lowered expression and 

394 activation of AIM2 inflammasome-associated proteins. However, the impact of pp65 

395 on inflammasome activation is still a matter of debate as other groups have failed to 

396 confirm the interaction between pp65 and the AIM2-PY domain, despite being able to 

397 detect pp65 binding activity to the pyrin domain of all other nuclear PYHIN proteins 

398 (IFI16, IFIX and MNDA) (Li et al., 2013). Notably, a HCMV strain unable to express 

399 pp65 did not trigger enhanced inflammasome activity compared to the wild-type 

400 HCMV, consistent with the lack of caspase-1 cleavage (Li et al., 2013). 

401 Taken together, these data add further fuel to the controversy surrounding the 

402 role of pp65 in the modulation of HCMV evasion mechanisms and clearly highlight 

403 the need for further investigations.

404 4. Host cell restriction factors in HCMV defense

405 A first line of defense against viruses is represented by RFs, anti-viral proteins 

406 produced in the host to counteract or “restrict” viral replication by directly interfering 

407 with the activity of essential viral/cellular genes (Bieniasz, 2003; Hotter and 

408 Kirchhoff, 2018). Early pioneering studies on retroviruses have allowed us to identify 

409 two major RFs: the APOBEC3 class of cytidine deaminases and tetherin (Bieniasz, 

410 2003; Jakobsen et al., 2015; Neil and Bieniasz, 2009; Simon et al., 2015). However, 

411 increasing evidence suggests that RFs can also counteract several other viruses, 

412 including HCMV (Paludan et al., 2011). So far, different proteins, including IFI16, 
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413 nuclear domain 10 (ND10) complex, viperin and APOBEC3 have been identified as 

414 RFs of HCMV replication (Figure 3, panel A). At the same time, HCMV has evolved 

415 strategies to counteract RF antiviral activities (Figure 3, panel B). 

416 4.1. IFI16 

417 The antiviral activity of IFI16 has been heavily studied for the last decade. The 

418 role of IFI16 as a restriction factor has been confirmed for different viruses, including 

419 HCMV (Dell’Oste et al., 2015; Landolfo et al., 2016). Our group has demonstrated 

420 that the inactivation of IFI16 protein in human embryo lung fibroblasts (HELFs) by 

421 transfecting specific siRNAs or lentiviruses expressing dominant negative mutant 

422 forms of the protein significantly enhanced HCMV replication. Consistent with these 

423 results, IFI16 overexpression decreased viral production. The molecular mechanism 

424 of IFI16 inhibitory activity relies on its ability to bind and block Sp1-like transcription 

425 factors on the HCMV DNA polymerase UL54 promoter (Gariano et al., 2012). 

426 However, the virus has evolved evasion strategies to counteract IFI16 activity that 

427 consists in delocalizing this protein from the nucleus to the cytoplasm during the late 

428 stage of infection. The key player mediating HCMV-induced nuclear egression of 

429 IFI16 is the viral protein kinase UL97. Upon binding to UL97 phosphoprotein, IFI16 

430 is subject to phosphorylation, which in turn drives its nucleo-cytoplasmic 

431 relocalization. The endosomal sorting complex required for transport (ESCRT) 

432 regulates thereafter the translocation of IFI16 into the virus assembly complex. 

433 Finally, IFI16 becomes incorporated into the newly formed virions (Dell’Oste et al., 

434 2014). 

435 A detrimental partner of UL97 in HCMV escape activity appears to be HCMV 

436 pp65 which can interact with IFI16, thus targeting early gene promoters including that 

437 of viral DNA polymerase UL54. From the literature, this pp65/IFI16 interaction 

438 constitutes undoubtedly a very dynamic and controversial interplay. While in the early 

439 phases of HCMV infection pp65 recruits IFI16 to the major immediate-early promoter 

440 (MIEP), enhancing viral transcription (Cristea et al., 2010), at later time points, pp65 

441 is able to protect IFI16 from proteasome-mediated degradation, sustaining its 

442 inhibitory activity at the level of the UL54 gene promoter (Biolatti et al., 2016). 

443 Recent findings have shown that another important interactor of IFI16 is the DNA 

444 sensor cGAS, albeit these proteins display different functions. Diner et al. (2016) 
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445 demonstrated that IFI16 interacts with cGAS through the PY domain, but while IFI16 

446 induces antiviral cytokine expression, including IFN-β, only cGAS effectively 

447 activates STING/TBK-1/IRF3 and apoptotic responses upon HSV-1 and HCMV 

448 infections (Biolatti et al., 2018; Diner et al., 2016). 

449 4.2. ND10 

450 ND10, also known as promyelocytic leukemia nuclear bodies (PML-NBs), is 

451 formed by spherical bodies of amassed proteins distributed throughout the 

452 nucleoplasm. They regulate diverse cellular key processes, such as oncogenesis, DNA 

453 damage repair, apoptosis, senescence and gene expression (Lindsay et al., 2008; 

454 Negorev and Maul, 2001). PML, hDaxx and Sp100 are the main constituents of 

455 ND10, whose antiviral functions have been demonstrated through gene silencing and 

456 overexpression (Adler et al., 2011; Scherer and Stamminger, 2016; Tavalai et al., 

457 2011; Zhang and van Drunen Littel-van den Hurk, 2017). ND10 bodies undergo 

458 profound modifications during virus infection of quiescent cells, accumulating viral 

459 genome at their periphery or within their central core (Everett, 2006, 2001; Maul et 

460 al., 1993; Szekely et al., 1999). Interestingly, HCMV infection of PML-null HFFs 

461 induced de novo formation of hDaxx and Sp100 (Tavalai et al., 2006), suggesting that 

462 HCMV recruitment of ND10 components to the site of viral replication constitutes the 

463 first step of the antiviral response (Glass and Everett, 2013; Tavalai et al., 2008; 

464 Tavalai and Stamminger, 2008). Interestingly, in cells containing double knock-down 

465 combinations of ND10 proteins, HCMV gene expression is enhanced compared to 

466 that found in each respective single-knock down (Adler et al., 2011; Cosme et al., 

467 2011; Tavalai et al., 2008). These finding suggest an independent role of these factors 

468 in the suppression of HCMV replication.

469 Subsequent studies have shown that the main mechanism involved in the 

470 repression of HCMV gene expression by ND10 relies on epigenetic mechanisms. 

471 Indeed, chromatin modifying enzymes, such as histone deacetylases (HDACs) and the 

472 chromatin remodeling protein alpha thalassemia/mental retardation syndrome X-

473 linked (ATRX), were shown to interact and cooperate with ND10 components, 

474 inducing transcriptionally inactive chromatin of the MIEP (Lukashchuk et al., 2008; 

475 Preston and Nicholl, 2006; Shin et al., 2012; Woodhall et al., 2006). 
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476 While PML, hDaxx and Sp100 act as RFs of HCMV IE gene expression, 

477 several controversial findings seem to indicate that these proteins are only marginally 

478 involved in the establishment of HCMV latency. On the one hand, hDaxx was shown 

479 to act as a restriction factor in cellular settings of latent HCMV infections, such as 

480 NT2 and THP-1 cells, primary human CD34+ cells and two myeloblastic cell lines 

481 (i.e. KG-1 and Kasumi-3) (Saffert and Kalejta, 2006); on the other hand, knockdown 

482 of hDaxx in undifferentiated NT2 cells was not sufficient to trigger IE gene 

483 expression (Woodhall et al., 2006), suggesting that hDaxx is not involved in the 

484 regulation of the viral MIEP in latently infected cells. Furthermore, Stamminger and 

485 co-workers (Wagenknecht et al., 2015) observed that depletion of PML, hDaxx or 

486 Sp100 did not affect IE gene expression in non-differentiated THP-1 monocytes, 

487 considered a prototype of HCMV latency. In contrast, differentiation of THP-1 cells 

488 towards a macrophage-like phenotype, a model of acute infection, in the absence of 

489 ND10 proteins significantly increased the number of IE expressing cells 

490 (Wagenknecht et al., 2015). Finally, it has recently emerged that the key ND10 

491 components also act as antiviral ISGs during HCMV infection. Specifically, ND10 

492 knockdown cells, but not their normal counterpart, were able to support HCMV 

493 plaque formation following IFN-β pre-treatment, indicating that ND10 component 

494 upregulation is a crucial mediator of the anti-viral activity of IFN-β in response to 

495 HCMV infection (Ashley et al., 2017).

496 Other strategies adopted by HCMV to counteract the restriction activity of 

497 ND10 rely on the viral proteins IE1 and pp71. In particular, IE1 has been recently 

498 shown to drive the escape of HCMV from ND10-mediated innate immune response 

499 by preventing the de novo SUMOylation of ND10 (Lee et al., 2004; Xu et al., 2001), 

500 which then leads to the inhibition of ND10 oligomerization, followed by its disruption 

501 (Ahn and Hayward, 1997; Korioth et al., 1996; Wilkinson et al., 1998). As for pp71, 

502 earlier studies clearly established a functional interaction with hDaxx during 

503 recruitment to the ND10 domain (Hofmann et al., 2002). In detail, pp71 binds hDaxx, 

504 which then undergoes proteasome degradation, thereby relieving MIEP repression. 

505 Moreover, MIEP expression is mediated by the release of the chromatin-remodeling 

506 protein ATRX from ND10, which is stimulated by pp71 (Cantrell and Bresnahan, 

507 2005). More recently, two additional tegument proteins, named UL35 and UL35a, 

508 have been shown to regulate pp71 activity. UL35 is able to independently remodel 

509 ND10 and strongly co-localize with the remodeled ND10 structures (Salsman et al., 
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510 2011, 2008), suggesting that UL35 may facilitate pp71-mediated DAXX-ATRX 

511 disruption. Conversely, UL35a is a negatively regulator as it prevents UL35 from 

512 remodeling ND10 and directs pp71 to the cytoplasm (Salsman et al., 2011).

513 4.3. Viperin 

514 Viperin is an IFN-inducible iron-sulfur (Fe-S) cluster-binding protein induced 

515 in various cell types by different viruses, including HCMV. It exploits its antiviral 

516 activity in the later phases of HCMV replication, as indicated by the reduced synthesis 

517 of early late (pp65), late (gB) and true late (pp28) genes in stably viperin-expressing 

518 fibroblasts compared with that of control cells (Chin and Cresswell, 2001). 

519 Intriguingly, several pieces of evidence seem to indicate that HCMV has evolved 

520 additional mechanisms capable of not only subverting the antiviral activity of viperin 

521 but also co-opting the protein to its own advantage. Firstly, HCMV-encoded viral 

522 mitochondrion-localized inhibitor of apoptosis (vMIA) protein binds viperin and 

523 translocates it from the endoplasmic reticulum to the mitochondria where viperin 

524 inhibits fatty acid β-oxidation, reduces the generation of ATP, and disrupts the actin 

525 cytoskeleton, thereby enhancing viral infectivity (Seo et al., 2011). Secondly, viperin 

526 is also responsible for enhanced lipid synthesis observed in HCMV-infected cells 

527 through transcriptional induction of key players of fatty acid metabolism, such as 

528 AMP-activated protein kinase (AMPK) and the glucose transporter GLUT4. This 

529 leads to an increase in glucose import along with translocation to the nucleus of the 

530 glucose-activated transcription factor ChREBP, followed by enhanced lipid synthesis. 

531 The final outcome is the generation of the viral envelope and the optimal production 

532 of infectious viruses (Seo and Cresswell, 2013).

533 4.4. APOBEC3 

534 The apolipoprotein B editing catalytic subunit-like 3 (APOBEC3) family of 

535 cytidine deaminases is formed by seven members (i.e. A, B, C, D, E, F, G and H), 

536 catalyzing the deamination of cytidine nucleotides to uridine nucleotides in single-

537 strand DNA substrates (Knisbacher et al., 2016). These enzymes are widely 

538 acknowledged as fundamental players in the defense against human 

539 immunodeficiency virus type 1 (HIV-1) (Blanco-Melo et al., 2012). However, it soon 

540 became apparent that their activities were also directed towards DNA viruses, such as 
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541 the hepatitis B virus (HBV) (Suspène et al., 2005; Turelli et al., 2004), and the 

542 parvoviruses (Harris and Dudley, 2015; Nakaya et al., 2016; Narvaiza et al., 2009; 

543 Vieira and Soares, 2013). More recently, Weisblum et al. (2017) reported 

544 APOBEC3A (A3A) to be strongly upregulated following ex vivo HCMV infection of 

545 maternal decidua. Furthermore, overexpression of A3A in epithelial cells hampered 

546 HCMV replication by introducing hypermutations into the viral genome through 

547 cytidine deamination. In contrast, A3A induction by HCMV was not observed in 

548 other HCMV-infected cell models (i.e. chorionic villi maintained in organ culture, 

549 foreskin fibroblasts or epithelial cells), suggesting that HCMV-mediated upregulation 

550 of A3A is tissue- and cell-type specific. Intriguingly, A3A expression in uninfected 

551 decidual tissues is mediated by IFN-β, suggesting that it might function as an IFN-

552 stimulated gene during HCMV infection (Weisblum et al., 2017). 

553 Even though these results highlight an important aspect of A3A activity 

554 against HCMV, many questions still remain open. For example, it is not known 

555 whether HCMV is able to induce other A3 family members besides A3A in different 

556 cell types. To start filling this gap, we have recently obtained evidence that A3G is 

557 induced in HCMV-infected HFFs, and that this induction appears to be mediated by 

558 IFN-β (Pautasso et al., unpublished results). However, in our model, upon gene 

559 silencing or overexpression, A3G does not seem to behave as a restriction factor for 

560 HCMV replication. Thus, we hypothesize that throughout evolution, HCMV has 

561 instead shaped the nucleotide composition of its genome in order to escape from 

562 A3G-mediated immune surveillance. 

563 5. Conclusions and future perspectives

564 In recent years, there has been much progress in our understanding of the 

565 immunobiology, diagnosis and treatment of HCMV-related diseases. Nevertheless, 

566 HCMV still remains an unmet clinical need for a high proportion of the human 

567 population. In this regard, what is most challenging for the scientific community 

568 seems to be the development of an anti-HCMV vaccine to fight congenital infections. 

569 The reason why an effective cure against HCMV is still in the works is partly due to 

570 the lack of mechanistic insights into the interplay among signaling pathways triggered 

571 by HCMV in the modulation of host immune response and evasion. 
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572 Here, we have attempted to paint an overall picture of how key players in 

573 innate immunity integrate with each others to tackle HCMV replication, focusing 

574 particularly on viral DNA sensors, restriction factors and the IFN and inflammasome 

575 systems. Furthermore, we have addressed the distinct evasion mechanisms that 

576 HCMV has evolved to escape from the host immune surveillance. From this literature, 

577 it is clear that forthcoming challenges in HCMV innate immunity rest upon 

578 addressing several unresolved issues. For instance, we still do not know how DNA-

579 sensing pathways discriminate between commensal microbiota and invading 

580 pathogens. Also, it would be of paramount importance to dissect the real impact of the 

581 intricate HCMV restriction and counter-restriction mechanisms on the ultimate 

582 outcome of HCMV infection. 

583 Overall, new insights into the molecular mechanisms tuning the dynamic 

584 balance between RFs and HCMV may provide the rationale for the development of 

585 novel therapeutic agents able to target specifically those key players mediating viral 

586 immune escape. It is tempting to speculate that agents targeting the early phases of the 

587 viral cycle could prevent HCMV from exploiting the host immune system to its own 

588 advantage, thereby increasing the immunocompetence of the host. 

589 Acknowledgements

590 The work related to the topics discussed in the present review is supported by: the 

591 Ministry of Education, Universities and Research (PRIN, 2015, to VDO, 

592 2015RMNSTA); Research Funding from the University of Turin, 2017, to SL and 

593 VDO.

594 Conflicts of interest

595 The authors declare that they have no conflict of interest.

596 References

597 Abate, D.A., Watanabe, S., Mocarski, E.S., 2004. Major human cytomegalovirus 

598 structural protein pp65 (ppUL83) prevents interferon response factor 3 

599 activation in the interferon response. J. Virol. 78, 10995–11006. 

600 https://doi.org/10.1128/JVI.78.20.10995-11006.2004



21

601 Adler, M., Tavalai, N., Müller, R., Stamminger, T., 2011. Human cytomegalovirus 

602 immediate-early gene expression is restricted by the nuclear domain 10 

603 component Sp100. J. Gen. Virol. 92, 1532–1538. 

604 https://doi.org/10.1099/vir.0.030981-0

605 Ahmed, A., 2011. Antiviral treatment of cytomegalovirus infection. Infect. Disord. 

606 Drug Targets 11, 475–503. https://doi.org/10.2174/187152611797636640

607 Ahn, J.H., Hayward, G.S., 1997. The major immediate-early proteins IE1 and IE2 of 

608 human cytomegalovirus colocalize with and disrupt PML-associated nuclear 

609 bodies at very early times in infected permissive cells. J. Virol. 71, 4599–

610 4613.

611 Albrecht, M., Choubey, D., Lengauer, T., 2005. The HIN domain of IFI-200 proteins 

612 consists of two OB folds. Biochem. Biophys. Res. Commun. 327, 679–687. 

613 https://doi.org/10.1016/j.bbrc.2004.12.056

614 Almine, J.F., O’Hare, C.A.J., Dunphy, G., Haga, I.R., Naik, R.J., Atrih, A., Connolly, 

615 D.J., Taylor, J., Kelsall, I.R., Bowie, A.G., Beard, P.M., Unterholzner, L., 

616 2017. IFI16 and cGAS cooperate in the activation of STING during DNA 

617 sensing in human keratinocytes. Nat. Commun. 8, 14392. 

618 https://doi.org/10.1038/ncomms14392

619 Ashley, C.L., Glass, M.S., Abendroth, A., McSharry, B.P., Slobedman, B., 2017. 

620 Nuclear domain 10 components upregulated via interferon during human 

621 cytomegalovirus infection potently regulate viral infection. J. Gen. Virol. 98, 

622 1795–1805. https://doi.org/10.1099/jgv.0.000858

623 Barbalat, R., Lau, L., Locksley, R.M., Barton, G.M., 2009. Toll-like receptor 2 on 

624 inflammatory monocytes induces type I interferon in response to viral but not 

625 bacterial ligands. Nat. Immunol. 10, 1200–1207. 

626 https://doi.org/10.1038/ni.1792

627 Bawadekar, M., De Andrea, M., Lo Cigno, I., Baldanzi, G., Caneparo, V., Graziani, 

628 A., Landolfo, S., Gariglio, M., 2015. The Extracellular IFI16 Protein 

629 Propagates Inflammation in Endothelial Cells Via p38 MAPK and NF-κB p65 

630 Activation. J. Interferon Cytokine Res. Off. J. Int. Soc. Interferon Cytokine 

631 Res. 35, 441–453. https://doi.org/10.1089/jir.2014.0168

632 Bhat, N., Fitzgerald, K.A., 2014. Recognition of cytosolic DNA by cGAS and other 

633 STING-dependent sensors. Eur. J. Immunol. 44, 634–640. 

634 https://doi.org/10.1002/eji.201344127

https://doi.org/10.2174/187152611797636640


22

635 Bieniasz, P.D., 2003. Restriction factors: a defense against retroviral infection. Trends 

636 Microbiol. 11, 286–291. https://doi.org/10.1016/S0966-842X(03)00123-9

637 Biolatti, M., Dell’Oste, V., Pautasso, S., Gugliesi, F., von Einem, J., Krapp, C., 

638 Jakobsen, M.R., Borgogna, C., Gariglio, M., De Andrea, M., Landolfo, S., 

639 2018. Human Cytomegalovirus Tegument Protein pp65 (pUL83) Dampens 

640 Type I Interferon Production by Inactivating the DNA Sensor cGAS without 

641 Affecting STING. J. Virol. 92. https://doi.org/10.1128/JVI.01774-17

642 Biolatti, M., Dell’Oste, V., Pautasso, S., von Einem, J., Marschall, M., Plachter, B., 

643 Gariglio, M., De Andrea, M., Landolfo, S., 2016. Regulatory Interaction 

644 between the Cellular Restriction Factor IFI16 and Viral pp65 (pUL83) 

645 Modulates Viral Gene Expression and IFI16 Protein Stability. J. Virol. 90, 

646 8238–8250. https://doi.org/10.1128/JVI.00923-16

647 Blanco-Melo, D., Venkatesh, S., Bieniasz, P.D., 2012. Intrinsic cellular defenses 

648 against human immunodeficiency viruses. Immunity 37, 399–411. 

649 https://doi.org/10.1016/j.immuni.2012.08.013

650 Boehme, K.W., Guerrero, M., Compton, T., 2006. Human cytomegalovirus envelope 

651 glycoproteins B and H are necessary for TLR2 activation in permissive cells. 

652 J. Immunol. Baltim. Md 1950 177, 7094–7102. 

653 https://doi.org/10.4049/jimmunol.177.10.7094

654 Bossaller, L., Chiang, P.-I., Schmidt-Lauber, C., Ganesan, S., Kaiser, W.J., Rathinam, 

655 V.A.K., Mocarski, E.S., Subramanian, D., Green, D.R., Silverman, N., 

656 Fitzgerald, K.A., Marshak-Rothstein, A., Latz, E., 2012. Cutting edge: FAS 

657 (CD95) mediates noncanonical IL-1β and IL-18 maturation via caspase-8 in an 

658 RIP3-independent manner. J. Immunol. Baltim. Md 1950 189, 5508–5512. 

659 https://doi.org/10.4049/jimmunol.1202121

660 Brinkmann, M.M., Dağ, F., Hengel, H., Messerle, M., Kalinke, U., Čičin-Šain, L., 

661 2015. Cytomegalovirus immune evasion of myeloid lineage cells. Med. 

662 Microbiol. Immunol. (Berl.) 204, 367–382. https://doi.org/10.1007/s00430-

663 015-0403-4

664 Britt, W.J., 2017. Congenital Human Cytomegalovirus Infection and the Enigma of 

665 Maternal Immunity. J. Virol. 91. https://doi.org/10.1128/JVI.02392-16

666 Browne, E.P., Shenk, T., 2003. Human cytomegalovirus UL83-coded pp65 virion 

667 protein inhibits antiviral gene expression in infected cells. Proc. Natl. Acad. 

668 Sci. U. S. A. 100, 11439–11444. https://doi.org/10.1073/pnas.1534570100



23

669 Brubaker, S.W., Bonham, K.S., Zanoni, I., Kagan, J.C., 2015. Innate immune pattern 

670 recognition: a cell biological perspective. Annu. Rev. Immunol. 33, 257–290. 

671 https://doi.org/10.1146/annurev-immunol-032414-112240

672 Burdette, D.L., Vance, R.E., 2013. STING and the innate immune response to nucleic 

673 acids in the cytosol. Nat. Immunol. 14, 19–26. https://doi.org/10.1038/ni.2491

674 Cannon, M.J., Schmid, D.S., Hyde, T.B., 2010. Review of cytomegalovirus 

675 seroprevalence and demographic characteristics associated with infection. 

676 Rev. Med. Virol. 20, 202–213. https://doi.org/10.1002/rmv.655

677 Cantrell, S.R., Bresnahan, W.A., 2005. Interaction between the human 

678 cytomegalovirus UL82 gene product (pp71) and hDaxx regulates immediate-

679 early gene expression and viral replication. J. Virol. 79, 7792–7802. 

680 https://doi.org/10.1128/JVI.79.12.7792-7802.2005

681 Carvalho, A., Cunha, C., Carotti, A., Aloisi, T., Guarrera, O., Di Ianni, M., Falzetti, 

682 F., Bistoni, F., Aversa, F., Pitzurra, L., Rodrigues, F., Romani, L., 2009. 

683 Polymorphisms in Toll-like receptor genes and susceptibility to infections in 

684 allogeneic stem cell transplantation. Exp. Hematol. 37, 1022–1029. 

685 https://doi.org/10.1016/j.exphem.2009.06.004

686 Chen, I.-Y., Ichinohe, T., 2015. Response of host inflammasomes to viral infection. 

687 Trends Microbiol. 23, 55–63. https://doi.org/10.1016/j.tim.2014.09.007

688 Chen, Q., Sun, L., Chen, Z.J., 2016. Regulation and function of the cGAS-STING 

689 pathway of cytosolic DNA sensing. Nat. Immunol. 17, 1142–1149. 

690 https://doi.org/10.1038/ni.3558

691 Chin, K.C., Cresswell, P., 2001. Viperin (cig5), an IFN-inducible antiviral protein 

692 directly induced by human cytomegalovirus. Proc. Natl. Acad. Sci. U. S. A. 

693 98, 15125–15130. https://doi.org/10.1073/pnas.011593298

694 Choi, H.J., Park, A., Kang, S., Lee, E., Lee, T.A., Ra, E.A., Lee, J., Lee, S., Park, B., 

695 2018. Human cytomegalovirus-encoded US9 targets MAVS and STING 

696 signaling to evade type I interferon immune responses. Nat. Commun. 9, 125. 

697 https://doi.org/10.1038/s41467-017-02624-8

698 Christensen, M.H., Paludan, S.R., 2017. Viral evasion of DNA-stimulated innate 

699 immune responses. Cell. Mol. Immunol. 14, 4–13. 

700 https://doi.org/10.1038/cmi.2016.06

701 Compton, T., Kurt-Jones, E.A., Boehme, K.W., Belko, J., Latz, E., Golenbock, D.T., 

702 Finberg, R.W., 2003. Human cytomegalovirus activates inflammatory 



24

703 cytokine responses via CD14 and Toll-like receptor 2. J. Virol. 77, 4588–

704 4596. https://doi.org/10.1128/JVI.77.8.4588-4596.2003

705 Cosme, R.C., Martínez, F.P., Tang, Q., 2011. Functional interaction of nuclear 

706 domain 10 and its components with cytomegalovirus after infections: cross-

707 species host cells versus native cells. PloS One 6, e19187. 

708 https://doi.org/10.1371/journal.pone.0019187

709 Cristea, I.M., Moorman, N.J., Terhune, S.S., Cuevas, C.D., O’Keefe, E.S., Rout, 

710 M.P., Chait, B.T., Shenk, T., 2010. Human cytomegalovirus pUL83 stimulates 

711 activity of the viral immediate-early promoter through its interaction with the 

712 cellular IFI16 protein. J. Virol. 84, 7803–7814. 

713 https://doi.org/10.1128/JVI.00139-10

714 Dambuza, I.M., Brown, G.D., 2015. C-type lectins in immunity: recent developments. 

715 Curr. Opin. Immunol. 32, 21–27. https://doi.org/10.1016/j.coi.2014.12.002

716 DeFilippis, V.R., Alvarado, D., Sali, T., Rothenburg, S., Früh, K., 2010. Human 

717 cytomegalovirus induces the interferon response via the DNA sensor ZBP1. J. 

718 Virol. 84, 585–598. https://doi.org/10.1128/JVI.01748-09

719 DeFilippis, V.R., Robinson, B., Keck, T.M., Hansen, S.G., Nelson, J.A., Früh, K.J., 

720 2006. Interferon regulatory factor 3 is necessary for induction of antiviral 

721 genes during human cytomegalovirus infection. J. Virol. 80, 1032–1037. 

722 https://doi.org/10.1128/JVI.80.2.1032-1037.2006

723 Dell’Oste, V., Gatti, D., Giorgio, A.G., Gariglio, M., Landolfo, S., De Andrea, M., 

724 2015. The interferon-inducible DNA-sensor protein IFI16: a key player in the 

725 antiviral response. New Microbiol. 38, 5–20.

726 Dell’Oste, V., Gatti, D., Gugliesi, F., De Andrea, M., Bawadekar, M., Lo Cigno, I., 

727 Biolatti, M., Vallino, M., Marschall, M., Gariglio, M., Landolfo, S., 2014. 

728 Innate nuclear sensor IFI16 translocates into the cytoplasm during the early 

729 stage of in vitro human cytomegalovirus infection and is entrapped in the 

730 egressing virions during the late stage. J. Virol. 88, 6970–6982. 

731 https://doi.org/10.1128/JVI.00384-14

732 Diner, B.A., Lum, K.K., Toettcher, J.E., Cristea, I.M., 2016. Viral DNA Sensors 

733 IFI16 and Cyclic GMP-AMP Synthase Possess Distinct Functions in 

734 Regulating Viral Gene Expression, Immune Defenses, and Apoptotic 

735 Responses during Herpesvirus Infection. mBio 7. 

736 https://doi.org/10.1128/mBio.01553-16



25

737 Dobbs, N., Burnaevskiy, N., Chen, D., Gonugunta, V.K., Alto, N.M., Yan, N., 2015. 

738 STING Activation by Translocation from the ER Is Associated with Infection 

739 and Autoinflammatory Disease. Cell Host Microbe 18, 157–168. 

740 https://doi.org/10.1016/j.chom.2015.07.001

741 Everett, R.D., 2006. Interactions between DNA viruses, ND10 and the DNA damage 

742 response. Cell. Microbiol. 8, 365–374. https://doi.org/10.1111/j.1462-

743 5822.2005.00677.x

744 Everett, R.D., 2001. DNA viruses and viral proteins that interact with PML nuclear 

745 bodies. Oncogene 20, 7266–7273. https://doi.org/10.1038/sj.onc.1204759

746 Fan, Y.-H., Roy, S., Mukhopadhyay, R., Kapoor, A., Duggal, P., Wojcik, G.L., Pass, 

747 R.F., Arav-Boger, R., 2016. Role of nucleotide-binding oligomerization 

748 domain 1 (NOD1) and its variants in human cytomegalovirus control in vitro 

749 and in vivo. Proc. Natl. Acad. Sci. U. S. A. 113, E7818–E7827. 

750 https://doi.org/10.1073/pnas.1611711113

751 Fu, Y.-Z., Su, S., Gao, Y.-Q., Wang, P.-P., Huang, Z.-F., Hu, M.-M., Luo, W.-W., Li, 

752 S., Luo, M.-H., Wang, Y.-Y., Shu, H.-B., 2017. Human Cytomegalovirus 

753 Tegument Protein UL82 Inhibits STING-Mediated Signaling to Evade 

754 Antiviral Immunity. Cell Host Microbe 21, 231–243. 

755 https://doi.org/10.1016/j.chom.2017.01.001

756 Gao, P., Ascano, M., Zillinger, T., Wang, W., Dai, P., Serganov, A.A., Gaffney, B.L., 

757 Shuman, S., Jones, R.A., Deng, L., Hartmann, G., Barchet, W., Tuschl, T., 

758 Patel, D.J., 2013. Structure-function analysis of STING activation by 

759 c[G(2’,5’)pA(3’,5’)p] and targeting by antiviral DMXAA. Cell 154, 748–762. 

760 https://doi.org/10.1016/j.cell.2013.07.023

761 Gariano, G.R., Dell’Oste, V., Bronzini, M., Gatti, D., Luganini, A., De Andrea, M., 

762 Gribaudo, G., Gariglio, M., Landolfo, S., 2012. The intracellular DNA sensor 

763 IFI16 gene acts as restriction factor for human cytomegalovirus replication. 

764 PLoS Pathog. 8, e1002498. https://doi.org/10.1371/journal.ppat.1002498

765 Garlanda, C., Dinarello, C.A., Mantovani, A., 2013. The interleukin-1 family: back to 

766 the future. Immunity 39, 1003–1018. 

767 https://doi.org/10.1016/j.immuni.2013.11.010

768 Glass, M., Everett, R.D., 2013. Components of promyelocytic leukemia nuclear 

769 bodies (ND10) act cooperatively to repress herpesvirus infection. J. Virol. 87, 

770 2174–2185. https://doi.org/10.1128/JVI.02950-12



26

771 Gray, E.E., Winship, D., Snyder, J.M., Child, S.J., Geballe, A.P., Stetson, D.B., 2016. 

772 The AIM2-like Receptors Are Dispensable for the Interferon Response to 

773 Intracellular DNA. Immunity 45, 255–266. 

774 https://doi.org/10.1016/j.immuni.2016.06.015

775 Griffiths, P., Baraniak, I., Reeves, M., 2015. The pathogenesis of human 

776 cytomegalovirus. J. Pathol. 235, 288–297. https://doi.org/10.1002/path.4437

777 Gringhuis, S.I., Kaptein, T.M., Wevers, B.A., Theelen, B., van der Vlist, M., 

778 Boekhout, T., Geijtenbeek, T.B.H., 2012. Dectin-1 is an extracellular pathogen 

779 sensor for the induction and processing of IL-1β via a noncanonical caspase-8 

780 inflammasome. Nat. Immunol. 13, 246–254. https://doi.org/10.1038/ni.2222

781 Guo, H., Callaway, J.B., Ting, J.P.-Y., 2015. Inflammasomes: mechanism of action, 

782 role in disease, and therapeutics. Nat. Med. 21, 677–687. 

783 https://doi.org/10.1038/nm.3893

784 Gurung, P., Kanneganti, T.-D., 2015. Novel roles for caspase-8 in IL-1β and 

785 inflammasome regulation. Am. J. Pathol. 185, 17–25. 

786 https://doi.org/10.1016/j.ajpath.2014.08.025

787 Harris, R.S., Dudley, J.P., 2015. APOBECs and virus restriction. Virology 479–480, 

788 131–145. https://doi.org/10.1016/j.virol.2015.03.012

789 Hoebe, K., Du, X., Georgel, P., Janssen, E., Tabeta, K., Kim, S.O., Goode, J., Lin, P., 

790 Mann, N., Mudd, S., Crozat, K., Sovath, S., Han, J., Beutler, B., 2003. 

791 Identification of Lps2 as a key transducer of MyD88-independent TIR 

792 signalling. Nature 424, 743–748. https://doi.org/10.1038/nature01889

793 Hoffmann, H.-H., Schneider, W.M., Rice, C.M., 2015. Interferons and viruses: an 

794 evolutionary arms race of molecular interactions. Trends Immunol. 36, 124–

795 138. https://doi.org/10.1016/j.it.2015.01.004

796 Hofmann, H., Sindre, H., Stamminger, T., 2002. Functional interaction between the 

797 pp71 protein of human cytomegalovirus and the PML-interacting protein 

798 human Daxx. J. Virol. 76, 5769–5783. https://doi.org/10.1128/JVI.76.11.5769-

799 5783.2002

800 Hotter, D., Kirchhoff, F., 2018. Interferons and beyond: Induction of antiretroviral 

801 restriction factors. J. Leukoc. Biol. 103, 465–477. 

802 https://doi.org/10.1002/JLB.3MR0717-307R

803 Huang, Y., Liu, L., Ma, D., Liao, Y., Lu, Y., Huang, H., Qin, W., Liu, X., Fang, F., 

804 2017a. Human cytomegalovirus triggers the assembly of AIM2 inflammasome 



27

805 in THP-1-derived macrophages. J. Med. Virol. 89, 2188–2195. 

806 https://doi.org/10.1002/jmv.24846

807 Huang, Y., Ma, D., Huang, H., Lu, Y., Liao, Y., Liu, L., Liu, X., Fang, F., 2017b. 

808 Interaction between HCMV pUL83 and human AIM2 disrupts the activation 

809 of the AIM2 inflammasome. Virol. J. 14, 34. https://doi.org/10.1186/s12985-

810 016-0673-5

811 Iversen, A.-C., Steinkjer, B., Nilsen, N., Bohnhorst, J., Moen, S.H., Vik, R., Stephens, 

812 P., Thomas, D.W., Benedict, C.A., Espevik, T., 2009. A proviral role for CpG 

813 in cytomegalovirus infection. J. Immunol. Baltim. Md 1950 182, 5672–5681. 

814 https://doi.org/10.4049/jimmunol.0801268

815 Jakobsen, M.R., Olagnier, D., Hiscott, J., 2015. Innate immune sensing of HIV-1 

816 infection. Curr. Opin. HIV AIDS 10, 96–102. 

817 https://doi.org/10.1097/COH.0000000000000129

818 James, S.H., Kimberlin, D.W., 2016. Advances in the prevention and treatment of 

819 congenital cytomegalovirus infection. Curr. Opin. Pediatr. 28, 81–85. 

820 https://doi.org/10.1097/MOP.0000000000000305

821 Jin, T., Perry, A., Jiang, J., Smith, P., Curry, J.A., Unterholzner, L., Jiang, Z., 

822 Horvath, G., Rathinam, V.A., Johnstone, R.W., Hornung, V., Latz, E., Bowie, 

823 A.G., Fitzgerald, K.A., Xiao, T.S., 2012. Structures of the HIN domain:DNA 

824 complexes reveal ligand binding and activation mechanisms of the AIM2 

825 inflammasome and IFI16 receptor. Immunity 36, 561–571. 

826 https://doi.org/10.1016/j.immuni.2012.02.014

827 Jønsson, K.L., Laustsen, A., Krapp, C., Skipper, K.A., Thavachelvam, K., Hotter, D., 

828 Egedal, J.H., Kjolby, M., Mohammadi, P., Prabakaran, T., Sørensen, L.K., 

829 Sun, C., Jensen, S.B., Holm, C.K., Lebbink, R.J., Johannsen, M., Nyegaard, 

830 M., Mikkelsen, J.G., Kirchhoff, F., Paludan, S.R., Jakobsen, M.R., 2017. IFI16 

831 is required for DNA sensing in human macrophages by promoting production 

832 and function of cGAMP. Nat. Commun. 8, 14391. 

833 https://doi.org/10.1038/ncomms14391

834 Juckem, L.K., Boehme, K.W., Feire, A.L., Compton, T., 2008. Differential initiation 

835 of innate immune responses induced by human cytomegalovirus entry into 

836 fibroblast cells. J. Immunol. Baltim. Md 1950 180, 4965–4977. 

837 https://doi.org/10.4049/jimmunol.180.7.4965



28

838 Kanneganti, T.-D., 2010. Central roles of NLRs and inflammasomes in viral infection. 

839 Nat. Rev. Immunol. 10, 688–698. https://doi.org/10.1038/nri2851

840 Kapoor, A., Fan, Y.-H., Arav-Boger, R., 2016. Bacterial Muramyl Dipeptide (MDP) 

841 Restricts Human Cytomegalovirus Replication via an IFN-β-Dependent 

842 Pathway. Sci. Rep. 6, 20295. https://doi.org/10.1038/srep20295

843 Kapoor, A., Forman, M., Arav-Boger, R., 2014. Activation of nucleotide 

844 oligomerization domain 2 (NOD2) by human cytomegalovirus initiates innate 

845 immune responses and restricts virus replication. PloS One 9, e92704. 

846 https://doi.org/10.1371/journal.pone.0092704

847 Kijpittayarit, S., Eid, A.J., Brown, R.A., Paya, C.V., Razonable, R.R., 2007. 

848 Relationship between Toll-like receptor 2 polymorphism and cytomegalovirus 

849 disease after liver transplantation. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. 

850 Am. 44, 1315–1320. https://doi.org/10.1086/514339

851 Kim, J.-E., Kim, Y.-E., Stinski, M.F., Ahn, J.-H., Song, Y.-J., 2017. Human 

852 Cytomegalovirus IE2 86 kDa Protein Induces STING Degradation and Inhibits 

853 cGAMP-Mediated IFN-β Induction. Front. Microbiol. 8, 1854. 

854 https://doi.org/10.3389/fmicb.2017.01854

855 Kim, Y.K., Shin, J.S., Nahm, M.H., 2016. NOD-Like Receptors in Infection, 

856 Immunity, and Diseases. Yonsei Med. J. 57, 5–14. 

857 https://doi.org/10.3349/ymj.2016.57.1.5

858 Knisbacher, B.A., Gerber, D., Levanon, E.Y., 2016. DNA Editing by APOBECs: A 

859 Genomic Preserver and Transformer. Trends Genet. TIG 32, 16–28. 

860 https://doi.org/10.1016/j.tig.2015.10.005

861 Komatsu, T.E., Pikis, A., Naeger, L.K., Harrington, P.R., 2014. Resistance of human 

862 cytomegalovirus to ganciclovir/valganciclovir: a comprehensive review of 

863 putative resistance pathways. Antiviral Res. 101, 12–25. 

864 https://doi.org/10.1016/j.antiviral.2013.10.011

865 Korioth, F., Maul, G.G., Plachter, B., Stamminger, T., Frey, J., 1996. The nuclear 

866 domain 10 (ND10) is disrupted by the human cytomegalovirus gene product 

867 IE1. Exp. Cell Res. 229, 155–158. https://doi.org/10.1006/excr.1996.0353

868 Kuenzel, S., Till, A., Winkler, M., Häsler, R., Lipinski, S., Jung, S., Grötzinger, J., 

869 Fickenscher, H., Schreiber, S., Rosenstiel, P., 2010. The nucleotide-binding 

870 oligomerization domain-like receptor NLRC5 is involved in IFN-dependent 



29

871 antiviral immune responses. J. Immunol. Baltim. Md 1950 184, 1990–2000. 

872 https://doi.org/10.4049/jimmunol.0900557

873 Landais, I., Pelton, C., Streblow, D., DeFilippis, V., McWeeney, S., Nelson, J.A., 

874 2015. Human Cytomegalovirus miR-UL112-3p Targets TLR2 and Modulates 

875 the TLR2/IRAK1/NFκB Signaling Pathway. PLoS Pathog. 11, e1004881. 

876 https://doi.org/10.1371/journal.ppat.1004881

877 Landolfo, S., De Andrea, M., Dell’Oste, V., Gugliesi, F., 2016. Intrinsic host 

878 restriction factors of human cytomegalovirus replication and mechanisms of 

879 viral escape. World J. Virol. 5, 87–96. https://doi.org/10.5501/wjv.v5.i3.87

880 Lee, H.-R., Kim, D.-J., Lee, J.-M., Choi, C.Y., Ahn, B.-Y., Hayward, G.S., Ahn, J.-

881 H., 2004. Ability of the human cytomegalovirus IE1 protein to modulate 

882 sumoylation of PML correlates with its functional activities in transcriptional 

883 regulation and infectivity in cultured fibroblast cells. J. Virol. 78, 6527–6542. 

884 https://doi.org/10.1128/JVI.78.12.6527-6542.2004

885 Li, T., Chen, J., Cristea, I.M., 2013. Human cytomegalovirus tegument protein pUL83 

886 inhibits IFI16-mediated DNA sensing for immune evasion. Cell Host Microbe 

887 14, 591–599. https://doi.org/10.1016/j.chom.2013.10.007

888 Lindsay, C.R., Morozov, V.M., Ishov, A.M., 2008. PML NBs (ND10) and Daxx: 

889 from nuclear structure to protein function. Front. Biosci. J. Virtual Libr. 13, 

890 7132–7142.

891 Lio, C.-W.J., McDonald, B., Takahashi, M., Dhanwani, R., Sharma, N., Huang, J., 

892 Pham, E., Benedict, C.A., Sharma, S., 2016. cGAS-STING Signaling 

893 Regulates Initial Innate Control of Cytomegalovirus Infection. J. Virol. 90, 

894 7789–7797. https://doi.org/10.1128/JVI.01040-16

895 Liu, S., Cai, X., Wu, J., Cong, Q., Chen, X., Li, T., Du, F., Ren, J., Wu, Y.-T., 

896 Grishin, N.V., Chen, Z.J., 2015. Phosphorylation of innate immune adaptor 

897 proteins MAVS, STING, and TRIF induces IRF3 activation. Science 347, 

898 aaa2630. https://doi.org/10.1126/science.aaa2630

899 Loo, Y.-M., Gale, M., 2011. Immune signaling by RIG-I-like receptors. Immunity 34, 

900 680–692. https://doi.org/10.1016/j.immuni.2011.05.003

901 Lopušná, K., Režuchová, I., Betáková, T., Skovranová, L., Tomašková, J., 

902 Lukáčiková, L., Kabát, P., 2013. Interferons lambda, new cytokines with 

903 antiviral activity. Acta Virol. 57, 171–179. 

904 https://doi.org/10.4149/av_2013_02_171



30

905 Luecke, S., Paludan, S.R., 2015. Innate recognition of alphaherpesvirus DNA. Adv. 

906 Virus Res. 92, 63–100. https://doi.org/10.1016/bs.aivir.2014.11.003

907 Lukashchuk, V., McFarlane, S., Everett, R.D., Preston, C.M., 2008. Human 

908 cytomegalovirus protein pp71 displaces the chromatin-associated factor 

909 ATRX from nuclear domain 10 at early stages of infection. J. Virol. 82, 

910 12543–12554. https://doi.org/10.1128/JVI.01215-08

911 Lupfer, C., Malik, A., Kanneganti, T.-D., 2015a. Inflammasome control of viral 

912 infection. Curr. Opin. Virol. 12, 38–46. 

913 https://doi.org/10.1016/j.coviro.2015.02.007

914 Lupfer, C., Malik, A., Kanneganti, T.-D., 2015b. Inflammasome control of viral 

915 infection. Curr. Opin. Virol. 12, 38–46. 

916 https://doi.org/10.1016/j.coviro.2015.02.007

917 Marshall, E.E., Geballe, A.P., 2009. Multifaceted evasion of the interferon response 

918 by cytomegalovirus. J. Interferon Cytokine Res. Off. J. Int. Soc. Interferon 

919 Cytokine Res. 29, 609–619. https://doi.org/10.1089/jir.2009.0064

920 Martinon, F., Burns, K., Tschopp, J., 2002. The inflammasome: a molecular platform 

921 triggering activation of inflammatory caspases and processing of proIL-beta. 

922 Mol. Cell 10, 417–426. https://doi.org/10.1016/S1097-2765(02)00599-3

923 Maul, G.G., Guldner, H.H., Spivack, J.G., 1993. Modification of discrete nuclear 

924 domains induced by herpes simplex virus type 1 immediate early gene 1 

925 product (ICP0). J. Gen. Virol. 74 (Pt 12), 2679–2690. 

926 https://doi.org/10.1099/0022-1317-74-12-2679

927 Miller, D.K., Ayala, J.M., Egger, L.A., Raju, S.M., Yamin, T.T., Ding, G.J., Gaffney, 

928 E.P., Howard, A.D., Palyha, O.C., Rolando, A.M., 1993. Purification and 

929 characterization of active human interleukin-1 beta-converting enzyme from 

930 THP.1 monocytic cells. J. Biol. Chem. 268, 18062–18069.

931 Mogensen, T.H., 2009. Pathogen recognition and inflammatory signaling in innate 

932 immune defenses. Clin. Microbiol. Rev. 22, 240–273, Table of Contents. 

933 https://doi.org/10.1128/CMR.00046-08

934 Moriwaki, K., Bertin, J., Gough, P.J., Chan, F.K.-M., 2015. A RIPK3-Caspase 8 

935 complex mediates atypical pro-IL-1β processing. J. Immunol. Baltim. Md 

936 1950 194, 1938–1944. https://doi.org/10.4049/jimmunol.1402167

937 Morrone, S.R., Matyszewski, M., Yu, X., Delannoy, M., Egelman, E.H., Sohn, J., 

938 2015. Assembly-driven activation of the AIM2 foreign-dsDNA sensor 

https://doi.org/10.1016/S1097-2765(02)00599-3


31

939 provides a polymerization template for downstream ASC. Nat. Commun. 6, 

940 7827. https://doi.org/10.1038/ncomms8827

941 Nakaya, Y., Stavrou, S., Blouch, K., Tattersall, P., Ross, S.R., 2016. In Vivo 

942 Examination of Mouse APOBEC3- and Human APOBEC3A- and 

943 APOBEC3G-Mediated Restriction of Parvovirus and Herpesvirus Infection in 

944 Mouse Models. J. Virol. 90, 8005–8012. https://doi.org/10.1128/JVI.00973-16

945 Narvaiza, I., Linfesty, D.C., Greener, B.N., Hakata, Y., Pintel, D.J., Logue, E., 

946 Landau, N.R., Weitzman, M.D., 2009. Deaminase-independent inhibition of 

947 parvoviruses by the APOBEC3A cytidine deaminase. PLoS Pathog. 5, 

948 e1000439. https://doi.org/10.1371/journal.ppat.1000439

949 Navarro, D., 2016. Expanding role of cytomegalovirus as a human pathogen. J. Med. 

950 Virol. 88, 1103–1112. https://doi.org/10.1002/jmv.24450

951 Negorev, D., Maul, G.G., 2001. Cellular proteins localized at and interacting within 

952 ND10/PML nuclear bodies/PODs suggest functions of a nuclear depot. 

953 Oncogene 20, 7234–7242. https://doi.org/10.1038/sj.onc.1204764

954 Neil, S., Bieniasz, P., 2009. Human immunodeficiency virus, restriction factors, and 

955 interferon. J. Interferon Cytokine Res. Off. J. Int. Soc. Interferon Cytokine 

956 Res. 29, 569–580. https://doi.org/10.1089/jir.2009.0077

957 Noriega, V., Redmann, V., Gardner, T., Tortorella, D., 2012. Diverse immune evasion 

958 strategies by human cytomegalovirus. Immunol. Res. 54, 140–151. 

959 https://doi.org/10.1007/s12026-012-8304-8

960 Novak, N., Yu, C.-F., Bussmann, C., Maintz, L., Peng, W.-M., Hart, J., Hagemann, 

961 T., Diaz-Lacava, A., Baurecht, H.-J., Klopp, N., Wagenpfeil, S., Behrendt, H., 

962 Bieber, T., Ring, J., Illig, T., Weidinger, S., 2007. Putative association of a 

963 TLR9 promoter polymorphism with atopic eczema. Allergy 62, 766–772. 

964 https://doi.org/10.1111/j.1398-9995.2007.01358.x

965 Oliveira-Nascimento, L., Massari, P., Wetzler, L.M., 2012. The Role of TLR2 in 

966 Infection and Immunity. Front. Immunol. 3, 79. 

967 https://doi.org/10.3389/fimmu.2012.00079

968 Orzalli, M.H., Knipe, D.M., 2014. Cellular sensing of viral DNA and viral evasion 

969 mechanisms. Annu. Rev. Microbiol. 68, 477–492. 

970 https://doi.org/10.1146/annurev-micro-091313-103409

971 Paijo, J., Döring, M., Spanier, J., Grabski, E., Nooruzzaman, M., Schmidt, T., Witte, 

972 G., Messerle, M., Hornung, V., Kaever, V., Kalinke, U., 2016. cGAS Senses 



32

973 Human Cytomegalovirus and Induces Type I Interferon Responses in Human 

974 Monocyte-Derived Cells. PLoS Pathog. 12, e1005546. 

975 https://doi.org/10.1371/journal.ppat.1005546

976 Paludan, S.R., 2016. Innate Antiviral Defenses Independent of Inducible IFNα/β 

977 Production. Trends Immunol. 37, 588–596. 

978 https://doi.org/10.1016/j.it.2016.06.003

979 Paludan, S.R., Bowie, A.G., Horan, K.A., Fitzgerald, K.A., 2011. Recognition of 

980 herpesviruses by the innate immune system. Nat. Rev. Immunol. 11, 143–154. 

981 https://doi.org/10.1038/nri2937

982 Pollard, K.M., Cauvi, D.M., Toomey, C.B., Morris, K.V., Kono, D.H., 2013. 

983 Interferon-γ and systemic autoimmunity. Discov. Med. 16, 123–131.

984 Poole, E., Sinclair, J., 2015. Sleepless latency of human cytomegalovirus. Med. 

985 Microbiol. Immunol. (Berl.) 204, 421–429. https://doi.org/10.1007/s00430-

986 015-0401-6

987 Presti, R.M., Pollock, J.L., Dal Canto, A.J., O’Guin, A.K., Virgin, H.W., 1998. 

988 Interferon gamma regulates acute and latent murine cytomegalovirus infection 

989 and chronic disease of the great vessels. J. Exp. Med. 188, 577–588. 

990 https://doi.org/10.1084/jem.188.3.577

991 Preston, C.M., Nicholl, M.J., 2006. Role of the cellular protein hDaxx in human 

992 cytomegalovirus immediate-early gene expression. J. Gen. Virol. 87, 1113–

993 1121. https://doi.org/10.1099/vir.0.81566-0

994 Rathinam, V.A.K., Jiang, Z., Waggoner, S.N., Sharma, S., Cole, L.E., Waggoner, L., 

995 Vanaja, S.K., Monks, B.G., Ganesan, S., Latz, E., Hornung, V., Vogel, S.N., 

996 Szomolanyi-Tsuda, E., Fitzgerald., K.A., 2010. The AIM2 inflammasome is 

997 essential for host-defense against cytosolic bacteria and DNA viruses. Nat. 

998 Immunol. 11, 395–402. https://doi.org/10.1038/ni.1864

999 Rawlinson, W.D., Boppana, S.B., Fowler, K.B., Kimberlin, D.W., Lazzarotto, T., 

1000 Alain, S., Daly, K., Doutré, S., Gibson, L., Giles, M.L., Greenlee, J., 

1001 Hamilton, S.T., Harrison, G.J., Hui, L., Jones, C.A., Palasanthiran, P., 

1002 Schleiss, M.R., Shand, A.W., van Zuylen, W.J., 2017. Congenital 

1003 cytomegalovirus infection in pregnancy and the neonate: consensus 

1004 recommendations for prevention, diagnosis, and therapy. Lancet Infect. Dis. 

1005 17, e177–e188. https://doi.org/10.1016/S1473-3099(17)30143-3



33

1006 Reich, N.C., 2002. Nuclear/cytoplasmic localization of IRFs in response to viral 

1007 infection or interferon stimulation. J. Interferon Cytokine Res. Off. J. Int. Soc. 

1008 Interferon Cytokine Res. 22, 103–109. 

1009 https://doi.org/10.1089/107999002753452719

1010 Rossini, G., Cerboni, C., Santoni, A., Landini, M.P., Landolfo, S., Gatti, D., 

1011 Gribaudo, G., Varani, S., 2012. Interplay between human cytomegalovirus and 

1012 intrinsic/innate host responses: a complex bidirectional relationship. Mediators 

1013 Inflamm. 2012, 607276. https://doi.org/10.1155/2012/607276

1014 Saffert, R.T., Kalejta, R.F., 2006. Inactivating a cellular intrinsic immune defense 

1015 mediated by Daxx is the mechanism through which the human 

1016 cytomegalovirus pp71 protein stimulates viral immediate-early gene 

1017 expression. J. Virol. 80, 3863–3871. https://doi.org/10.1128/JVI.80.8.3863-

1018 3871.2006

1019 Salsman, J., Wang, X., Frappier, L., 2011. Nuclear body formation and PML body 

1020 remodeling by the human cytomegalovirus protein UL35. Virology 414, 119–

1021 129. https://doi.org/10.1016/j.virol.2011.03.013

1022 Salsman, J., Zimmerman, N., Chen, T., Domagala, M., Frappier, L., 2008. Genome-

1023 wide screen of three herpesviruses for protein subcellular localization and 

1024 alteration of PML nuclear bodies. PLoS Pathog. 4, e1000100. 

1025 https://doi.org/10.1371/journal.ppat.1000100

1026 Schattgen, S.A., Fitzgerald, K.A., 2011. The PYHIN protein family as mediators of 

1027 host defenses. Immunol. Rev. 243, 109–118. https://doi.org/10.1111/j.1600-

1028 065X.2011.01053.x

1029 Scherer, M., Stamminger, T., 2016. Emerging Role of PML Nuclear Bodies in Innate 

1030 Immune Signaling. J. Virol. 90, 5850–5854. 

1031 https://doi.org/10.1128/JVI.01979-15

1032 Schoggins, J.W., MacDuff, D.A., Imanaka, N., Gainey, M.D., Shrestha, B., Eitson, 

1033 J.L., Mar, K.B., Richardson, R.B., Ratushny, A.V., Litvak, V., Dabelic, R., 

1034 Manicassamy, B., Aitchison, J.D., Aderem, A., Elliott, R.M., García-Sastre, 

1035 A., Racaniello, V., Snijder, E.J., Yokoyama, W.M., Diamond, M.S., Virgin, 

1036 H.W., Rice, C.M., 2014. Pan-viral specificity of IFN-induced genes reveals 

1037 new roles for cGAS in innate immunity. Nature 505, 691–695. 

1038 https://doi.org/10.1038/nature12862



34

1039 Schoggins, J.W., Wilson, S.J., Panis, M., Murphy, M.Y., Jones, C.T., Bieniasz, P., 

1040 Rice, C.M., 2011. A diverse range of gene products are effectors of the type I 

1041 interferon antiviral response. Nature 472, 481–485. 

1042 https://doi.org/10.1038/nature09907

1043 Seo, J.-Y., Cresswell, P., 2013. Viperin regulates cellular lipid metabolism during 

1044 human cytomegalovirus infection. PLoS Pathog. 9, e1003497. 

1045 https://doi.org/10.1371/journal.ppat.1003497

1046 Seo, J.-Y., Yaneva, R., Hinson, E.R., Cresswell, P., 2011. Human cytomegalovirus 

1047 directly induces the antiviral protein viperin to enhance infectivity. Science 

1048 332, 1093–1097. https://doi.org/10.1126/science.1202007

1049 Shi, X., Dong, Y., Li, Ya, Zhao, Z., Li, H., Qiu, S., Li, Yaohan, Guo, W., Qiao, Y., 

1050 2015. Inflammasome activation in mouse inner ear in response to MCMV 

1051 induced hearing loss. J. Otol. 10, 143–149. 

1052 https://doi.org/10.1016/j.joto.2015.12.001

1053 Shin, H.J., Kim, Y.-E., Kim, E.T., Ahn, J.-H., 2012. The chromatin-tethering domain 

1054 of human cytomegalovirus immediate-early (IE) 1 mediates associations of 

1055 IE1, PML and STAT2 with mitotic chromosomes, but is not essential for viral 

1056 replication. J. Gen. Virol. 93, 716–721. https://doi.org/10.1099/vir.0.037986-0

1057 Shrivastava, G., León-Juárez, M., García-Cordero, J., Meza-Sánchez, D.E., Cedillo-

1058 Barrón, L., 2016. Inflammasomes and its importance in viral infections. 

1059 Immunol. Res. 64, 1101–1117. https://doi.org/10.1007/s12026-016-8873-z

1060 Simon, V., Bloch, N., Landau, N.R., 2015. Intrinsic host restrictions to HIV-1 and 

1061 mechanisms of viral escape. Nat. Immunol. 16, 546–553. 

1062 https://doi.org/10.1038/ni.3156

1063 Söderberg-Nauclér, C., Streblow, D.N., Fish, K.N., Allan-Yorke, J., Smith, P.P., 

1064 Nelson, J.A., 2001. Reactivation of latent human cytomegalovirus in CD14(+) 

1065 monocytes is differentiation dependent. J. Virol. 75, 7543–7554. 

1066 https://doi.org/10.1128/JVI.75.16.7543-7554.2001

1067 Srinivasula, S.M., Poyet, J.-L., Razmara, M., Datta, P., Zhang, Z., Alnemri, E.S., 

1068 2002. The PYRIN-CARD protein ASC is an activating adaptor for caspase-1. 

1069 J. Biol. Chem. 277, 21119–21122. https://doi.org/10.1074/jbc.C200179200

1070 Sun, L., Wu, J., Du, F., Chen, X., Chen, Z.J., 2013. Cyclic GMP-AMP synthase is a 

1071 cytosolic DNA sensor that activates the type I interferon pathway. Science 

1072 339, 786–791. https://doi.org/10.1126/science.1232458



35

1073 Suspène, R., Guétard, D., Henry, M., Sommer, P., Wain-Hobson, S., Vartanian, J.-P., 

1074 2005. Extensive editing of both hepatitis B virus DNA strands by APOBEC3 

1075 cytidine deaminases in vitro and in vivo. Proc. Natl. Acad. Sci. U. S. A. 102, 

1076 8321–8326. https://doi.org/10.1073/pnas.0408223102

1077 Szekely, L., Kiss, C., Mattsson, K., Kashuba, E., Pokrovskaja, K., Juhasz, A., 

1078 Holmvall, P., Klein, G., 1999. Human herpesvirus-8-encoded LNA-1 

1079 accumulates in heterochromatin- associated nuclear bodies. J. Gen. Virol. 80 ( 

1080 Pt 11), 2889–2900. https://doi.org/10.1099/0022-1317-80-11-2889

1081 Takaoka, A., Wang, Z., Choi, M.K., Yanai, H., Negishi, H., Ban, T., Lu, Y., 

1082 Miyagishi, M., Kodama, T., Honda, K., Ohba, Y., Taniguchi, T., 2007. DAI 

1083 (DLM-1/ZBP1) is a cytosolic DNA sensor and an activator of innate immune 

1084 response. Nature 448, 501–505. https://doi.org/10.1038/nature06013

1085 Takeuchi, O., Akira, S., 2010. Pattern recognition receptors and inflammation. Cell 

1086 140, 805–820. https://doi.org/10.1016/j.cell.2010.01.022

1087 Tavalai, N., Adler, M., Scherer, M., Riedl, Y., Stamminger, T., 2011. Evidence for a 

1088 dual antiviral role of the major nuclear domain 10 component Sp100 during 

1089 the immediate-early and late phases of the human cytomegalovirus replication 

1090 cycle. J. Virol. 85, 9447–9458. https://doi.org/10.1128/JVI.00870-11

1091 Tavalai, N., Papior, P., Rechter, S., Leis, M., Stamminger, T., 2006. Evidence for a 

1092 role of the cellular ND10 protein PML in mediating intrinsic immunity against 

1093 human cytomegalovirus infections. J. Virol. 80, 8006–8018. 

1094 https://doi.org/10.1128/JVI.00743-06

1095 Tavalai, N., Papior, P., Rechter, S., Stamminger, T., 2008. Nuclear domain 10 

1096 components promyelocytic leukemia protein and hDaxx independently 

1097 contribute to an intrinsic antiviral defense against human cytomegalovirus 

1098 infection. J. Virol. 82, 126–137. https://doi.org/10.1128/JVI.01685-07

1099 Tavalai, N., Stamminger, T., 2008. New insights into the role of the subnuclear 

1100 structure ND10 for viral infection. Biochim. Biophys. Acta 1783, 2207–2221. 

1101 https://doi.org/10.1016/j.bbamcr.2008.08.004

1102 Taylor, R.T., Bresnahan, W.A., 2006. Human cytomegalovirus immediate-early 2 

1103 protein IE86 blocks virus-induced chemokine expression. J. Virol. 80, 920–

1104 928. https://doi.org/10.1128/JVI.80.2.920-928.2006



36

1105 Taylor, R.T., Bresnahan, W.A., 2005. Human cytomegalovirus immediate-early 2 

1106 gene expression blocks virus-induced beta interferon production. J. Virol. 79, 

1107 3873–3877. https://doi.org/10.1128/JVI.79.6.3873-3877.2005

1108 Taylor-Wiedeman, J., Sissons, J.G., Borysiewicz, L.K., Sinclair, J.H., 1991. 

1109 Monocytes are a major site of persistence of human cytomegalovirus in 

1110 peripheral blood mononuclear cells. J. Gen. Virol. 72 ( Pt 9), 2059–2064. 

1111 https://doi.org/10.1099/0022-1317-72-9-2059

1112 Trilling, M., Le, V.T.K., Hengel, H., 2012. Interplay between CMVs and interferon 

1113 signaling: implications for pathogenesis and therapeutic intervention. Future 

1114 Microbiol. 7, 1269–1282. https://doi.org/10.2217/fmb.12.109

1115 Turelli, P., Mangeat, B., Jost, S., Vianin, S., Trono, D., 2004. Inhibition of hepatitis B 

1116 virus replication by APOBEC3G. Science 303, 1829. 

1117 https://doi.org/10.1126/science.1092066

1118 Unterholzner, L., 2013. The interferon response to intracellular DNA: why so many 

1119 receptors? Immunobiology 218, 1312–1321. 

1120 https://doi.org/10.1016/j.imbio.2013.07.007

1121 Unterholzner, L., Keating, S.E., Baran, M., Horan, K.A., Jensen, S.B., Sharma, S., 

1122 Sirois, C.M., Jin, T., Latz, E., Xiao, T.S., Fitzgerald, K.A., Paludan, S.R., 

1123 Bowie, A.G., 2010. IFI16 is an innate immune sensor for intracellular DNA. 

1124 Nat. Immunol. 11, 997–1004. https://doi.org/10.1038/ni.1932

1125 Vieira, V.C., Soares, M.A., 2013. The role of cytidine deaminases on innate immune 

1126 responses against human viral infections. BioMed Res. Int. 2013, 683095. 

1127 https://doi.org/10.1155/2013/683095

1128 Wagenknecht, N., Reuter, N., Scherer, M., Reichel, A., Müller, R., Stamminger, T., 

1129 2015. Contribution of the Major ND10 Proteins PML, hDaxx and Sp100 to the 

1130 Regulation of Human Cytomegalovirus Latency and Lytic Replication in the 

1131 Monocytic Cell Line THP-1. Viruses 7, 2884–2907. 

1132 https://doi.org/10.3390/v7062751

1133 Weisblum, Y., Oiknine-Djian, E., Zakay-Rones, Z., Vorontsov, O., Haimov-

1134 Kochman, R., Nevo, Y., Stockheim, D., Yagel, S., Panet, A., Wolf, D.G., 

1135 2017. APOBEC3A Is Upregulated by Human Cytomegalovirus (HCMV) in 

1136 the Maternal-Fetal Interface, Acting as an Innate Anti-HCMV Effector. J. 

1137 Virol. 91. https://doi.org/10.1128/JVI.01296-17



37

1138 West, J.A., Gregory, S.M., Damania, B., 2012. Toll-like receptor sensing of human 

1139 herpesvirus infection. Front. Cell. Infect. Microbiol. 2, 122. 

1140 https://doi.org/10.3389/fcimb.2012.00122

1141 Wilkinson, G.W., Kelly, C., Sinclair, J.H., Rickards, C., 1998. Disruption of PML-

1142 associated nuclear bodies mediated by the human cytomegalovirus major 

1143 immediate early gene product. J. Gen. Virol. 79 ( Pt 5), 1233–1245. 

1144 https://doi.org/10.1099/0022-1317-79-5-1233

1145 Wills, M.R., Poole, E., Lau, B., Krishna, B., Sinclair, J.H., 2015. The immunology of 

1146 human cytomegalovirus latency: could latent infection be cleared by novel 

1147 immunotherapeutic strategies? Cell. Mol. Immunol. 12, 128–138. 

1148 https://doi.org/10.1038/cmi.2014.75

1149 Woodhall, D.L., Groves, I.J., Reeves, M.B., Wilkinson, G., Sinclair, J.H., 2006. 

1150 Human Daxx-mediated repression of human cytomegalovirus gene expression 

1151 correlates with a repressive chromatin structure around the major immediate 

1152 early promoter. J. Biol. Chem. 281, 37652–37660. 

1153 https://doi.org/10.1074/jbc.M604273200

1154 Xu, Y., Ahn, J.H., Cheng, M., apRhys, C.M., Chiou, C.J., Zong, J., Matunis, M.J., 

1155 Hayward, G.S., 2001. Proteasome-independent disruption of PML oncogenic 

1156 domains (PODs), but not covalent modification by SUMO-1, is required for 

1157 human cytomegalovirus immediate-early protein IE1 to inhibit PML-mediated 

1158 transcriptional repression. J. Virol. 75, 10683–10695. 

1159 https://doi.org/10.1128/JVI.75.22.10683-10695.2001

1160 Yamin, T.T., Ayala, J.M., Miller, D.K., 1996. Activation of the native 45-kDa 

1161 precursor form of interleukin-1-converting enzyme. J. Biol. Chem. 271, 

1162 13273–13282. https://doi.org/10.1074/jbc.271.22.13273

1163 Yew, K.-H., Carsten, B., Harrison, C., 2010. Scavenger receptor A1 is required for 

1164 sensing HCMV by endosomal TLR-3/-9 in monocytic THP-1 cells. Mol. 

1165 Immunol. 47, 883–893. https://doi.org/10.1016/j.molimm.2009.10.009

1166 Yurochko, A.D., Huang, E.S., 1999. Human cytomegalovirus binding to human 

1167 monocytes induces immunoregulatory gene expression. J. Immunol. Baltim. 

1168 Md 1950 162, 4806–4816.

1169 Zhang, K., van Drunen Littel-van den Hurk, S., 2017. Herpesvirus tegument and 

1170 immediate early proteins are pioneers in the battle between viral infection and 



38

1171 nuclear domain 10-related host defense. Virus Res. 238, 40–48. 

1172 https://doi.org/10.1016/j.virusres.2017.05.023

1173 Zhang, Xu, Shi, H., Wu, J., Zhang, Xuewu, Sun, L., Chen, C., Chen, Z.J., 2013. 

1174 Cyclic GMP-AMP containing mixed phosphodiester linkages is an 

1175 endogenous high-affinity ligand for STING. Mol. Cell 51, 226–235. 

1176 https://doi.org/10.1016/j.molcel.2013.05.022

1177

1178 Figure legends

1179 Fig. 1. Proposed HCMV DNA sensors.

1180 Fig. 2. Model depicting the evasion strategy by HCMV against the IFNs signaling.

1181 Fig. 3. Schematic representation of the restriction activities played by the major RFs 

1182 to down-regulate HCMV gene expression (A), and mechanisms exploited by HCMV 

1183 to overcome RF antiviral activity (B).

1184








