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Understanding how the innate immune system keeps human cytomegalovirus (HCMV) in check has recently become a critical issue in light of the global clinical burden of HCMV infection in newborns and immunodeficient patients. Innate immunity constitutes the first line of host defense against HCMV as it involves a complex array of cooperating effectors – e.g., inflammatory cytokines, type I interferon (IFN-I), natural killer (NK) cells, professional antigen-presenting cells (APCs) and phagocytes – all capable of disrupting HCMV replication. These factors are known to trigger a highly efficient adaptive immune response, where cellular restriction factors (RFs) play a major gatekeeping role. Unlike other innate immunity components, RFs are constitutively expressed in many cell types, ready to act before pathogen exposure. Nonetheless, the existence of a positive regulatory feedback loop between RFs and IFNs is clear evidence of an intimate cooperation between intrinsic and innate immunity. In the course of virus-host coevolution, HCMV has, however, learned how to manipulate the functions of multiple cellular players of the host innate immune response to achieve latency and persistence. Thus, HCMV acts like an orchestra conductor able to piece together and rearrange parts of a musical score (i.e., innate immunity) to obtain the best live performance (i.e., viral fitness). It is therefore unquestionable that innovative therapeutic solutions able to prevent HCMV immune evasion in congenitally infected infants and immunocompromised individuals are urgently needed. Here, we provide an up-to-date review of the mechanisms regulating the interplay between HCMV and innate immunity, focusing on the various strategies of immune escape evolved by this virus to gain a fitness advantage.
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INTRODUCTION

The innate immune response is a fundamental defense mechanism, shielding the host from constant attacks of invading pathogens of different origin, whether they are bacterial, fungal, transposon or viral (Akira et al., 2006; Yan and Chen, 2012). Thus, for a virus, successful invasion and efficient subversion of the host immediate immune response are critical steps to achieve productive infection.

Some viruses, such as herpesviruses, have succeeded in establishing lifelong persistence in humans by evading immune surveillance (Stempel et al., 2019). For example, human cytomegalovirus (HCMV), a notorious opportunistic pantropic betaherpesvirus with a worldwide seroprevalence of 50 to > 90% in adults (Cannon et al., 2010), has the remarkable ability to manipulate and evade immune detection, literally transforming the host cellular environment into an ideal niche in which to thrive (Griffiths et al., 2015). This is achieved through sophisticated manipulations of cellular gene expression or elegant evasion strategies evolved by the virus during its long lasting co-evolution with the host (Wang et al., 2007; Loewendorf and Benedict, 2010; Rossini et al., 2012).

Even though HCMV infection is asymptomatic in immunocompetent individuals, it may lead to several life-threatening conditions in immunosuppressed subjects, such as organ and stem cell transplant recipients or AIDS patients. Furthermore, it can cause severe morbidity in congenitally infected children and elderly people (Cannon et al., 2010; Manicklal et al., 2013; Tu and Rao, 2016; Britt, 2018). Additionally, spontaneous reactivation of latent endogenous virus and/or superinfection with multiple viral strains can contribute to the overall burden and individual disease severity, as neither a vaccine nor an effective cure is currently available (Schleiss et al., 2017).

Although several viral polymerase inhibitors acting upon lytic replication (e.g., ganciclovir, cidofovir, and foscarnet) are widely used to treat HCMV infections, they are characterized by high hematopoietic toxicity and poor bioavailability, which prevents their use in pregnant women and congenitally infected newborns (Britt and Prichard, 2018). In addition, targeting latent HCMV remains an unsolved issue in patient clinical management. To make matters worse, the number of drug-resistant HCMV mutants has increased dramatically over the last decade (Piret and Boivin, 2019).

The outcome and severity of HCMV infection depends predominantly on initial virus-host interactions, occurring early upon infection, when intrinsic innate immunity comes into play to fight off the virus. As a frontline defense and earliest reaction measure, innate immunity avail itself of a complex array of effector cells and soluble factors, including pro-inflammatory cytokines and type I interferon (IFN-I), natural killer (NK) cells, professional antigen-presenting cells (APCs) and phagocytes, all operating in a fine-tuned and balanced manner (Luecke and Paludan, 2015; Patel et al., 2018).

Intrinsic cellular restriction factors (RFs) are constitutively expressed and play physiological roles in uninfected cells by cooperating with innate immune effectors, as some of them appear to be IFN-inducible, thus contributing to early host defense (Bieniasz, 2004; Duggal and Emerman, 2012).

Finally, triggered cell suicide processes (i.e., apoptosis and pyroptosis), resulting in death and removal of HCMV-infected cells, can also have a major impact on viral infection progression (Brune and Andoniou, 2017).

Ultimately, the orchestra formed by these innate immune components fine-tunes a highly efficient adaptive immune response that keeps HCMV infection at bay. However, HCMV often becomes the conductor of this orchestra, and as such it can manipulate to its liking all the various components of the immune response to make the cellular environment more permissible to viral replication and survival, thereby achieving persistence, latency and ultimately seroprevalence.

HCMV has an extremely large genome, and its enhanced encoding capacity allows for generating multiple viral proteins, involved in modulation and subversion of multiple signaling pathways (Stern-Ginossar et al., 2012; Brune and Andoniou, 2017). The exact mechanisms of action and role of this large number of viral proteins have not been yet completely elucidated, although many of them are probably involved in immune evasion.

In this regard, the fact that HCMV has developed a number of ingenious strategies directed against NK cells and APCs underscores the overall importance of these cells in innate immunity. For example, NK cells can release cytotoxic granules triggered by natural or antibody-dependent cytotoxicity (ADCC) or produce cytokines upon engagement of activating and inhibitory NK cell receptors. Even though NK cells are the major cytotoxic arm of innate immunity, their contribution in shaping T cell-mediated immune responses and generating memory cells is now well established (Netea et al., 2016; Nikzad et al., 2019). Since NK cells are efficient eliminators of HCMV-infected cells, it is not surprising that HCMV has devised multiple strategies to evade recognition by these cells (Babić et al., 2011; Goodier et al., 2018; Zingoni et al., 2018). Likewise, APCs from the myeloid and epithelial compartments [i.e., monocytes, macrophages, and dendritic cells (DCs)], are well-known targets of HCMV, serving as vehicles upon infection to facilitate viral dissemination (Jackson and Sparer, 2018). In particular, HCMV is able to interfere with MHC class I (MHC-I) and II (MHC-II) antigen presentation, thereby subverting the immunological functions of APCs.

This review provides an in-depth description of the complex interplay between the host innate immune responses and HCMV, highlighting multiple viral feedback mechanisms that modulate and counteract the various arms of innate immunity.



THE IFN SYSTEM AND HCMV: A STORMY RELATIONSHIP

Upon HCMV sensing, intracellular pattern recognition receptors (PRRs) trigger downstream signaling events leading to the production of type I IFN and release of inflammatory cytokines. Type I IFNs (IFN-I) are a group of cytokines comprising IFN-α, IFN-β, IFN-ε, IFN-κ, IFN-ω, IFN-δ, IFN-ζ, and IFN-τ (Mesev et al., 2019).

IFN-I signaling pathways have long been considered key limiting factors of HCMV infection and replication. Despite their complexity, these defense mechanisms occur early after pathogen entry into the host and, in most cases, they can eradicate the pathogen before it can overwhelm the host immune defenses (Goodwin et al., 2018).

Cellular sensors capable of detecting HCMV include toll-like receptor 2 (TLR2) and CD14 receptors, both able to interact with HCMV envelope glycoproteins (Compton et al., 2003), most of DNA sensors and the newly described group of PRRs, able to stimulate transcription of IFN-I via the key adaptor protein stimulator of interferon genes (STING). In particular, the DNA sensor cyclic guanosine monophosphate (GMP)–adenosine monophosphate (AMP) synthase (cGAS)/STING axis is crucial for activating the IFN-I signaling (Diner et al., 2016; Paijo et al., 2016; Jønsson et al., 2017; Biolatti et al., 2018b). On the other hand, HCMV has evolved a wide range of proteins with which to manipulate and counteract the host IFN response (Biolatti et al., 2018c; Goodwin et al., 2018; Marques et al., 2018; Stempel et al., 2019). This complex and intertwined relationship between HCMV and IFN has been addressed by a number of studies discussed below and schematically represented in Figure 1.
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FIGURE 1. Outline of the HCMV strategies to evade from the interferon (IFN)-associated antiviral activity.


The HCMV tegument protein pp65 –also identified as pUL83, encoded by UL83 – best exemplifies the multifaceted interplay between viral and host proteins (Biolatti et al., 2018a). Specifically, pp65 has been shown to modulate nuclear factor-κB (NF-κB) and interferon regulatory factors 3 (IRF3) activities, which cooperate to induce transcription of several cytokines such as IFN-β, which then counteracts HCMV infection (Iwanaszko and Kimmel, 2015).

The recent finding that IκB kinases, the main regulators of NF-κB pathway, exerts antiviral activity (Goodwin and Munger, 2019) adds a level of complexity to this scenario. In this regard, pp65 is able to inhibit NF-κB but not IRF3 nuclear translocation (Browne and Shenk, 2003). This is in disagreement with findings by Abate et al. (2004) showing that pp65 reduces IRF3 phosphorylation preventing its nuclear translocation.

Recent results obtained by our group have demonstrated that the pyrin association domain (PAD) of pp65 binds cGAS, thereby inhibiting its enzymatic activity upon HCMV infection. This phenomenon leads to impairment of the cGAS/STING axis and downregulation of IFN-β production (Biolatti et al., 2018b). In good agreement with these findings, the HCMV tegument protein pUL31 (encoded by UL31), similar to pp65, can interact with nuclear and cytoplasmic cGAS in HCMV-infected HFFs and HEK293T cells. Results from Huang et al. (2018) have shown how pUL31 can interact directly with cGAS in HEK293T cells, which is followed by disassociation of DNA from cGAS leading to decreased cGAMP production and consequent downregulation of IFN-I gene expression.

The HCMV tegument protein pp71 (i.e., pUL82, encoded by UL82) also contributes to evade the IFN response. According to Fu et al. (2017), pp71 interacts with the inactive rhomboid protein 2 (iRhom2) and STING to disrupt STING trafficking. Particularly, pp71 prevents STING translocation from the ER to the perinuclear microsomes, an essential step of STING-mediated signaling.

The HCMV glycoprotein US9, encoded by US9, inhibits IFN-I by targeting mitochondrial antiviral-signaling protein (MAVS) and STING pathways (Choi et al., 2018). In this regard, Choi et al. (2018) have proposed that US9 inhibits IRF3 nuclear accumulation by preventing STING dimerization. Moreover, the overexpression of US9 disrupts the mitochondrial membrane integrity and its membrane potential.

Moreover, the HCMV immediate early (IE) 86 kDa protein (IE86), negatively affects IFN-β mRNA transcription by preventing NF-κB binding to the IFN-β promoter (Taylor and Bresnahan, 2006). Intriguingly, a recent study by Kim et al. (2017) has shown that IE86 downregulates STING protein, suggesting that IE86 may also target STING for proteasomal degradation. Interestingly, STING levels were restored upon treatment with the peptide aldehyde MG132, which prevents the proteolytic activity of the proteasome complex. However, no interaction between STING and IE86 during HCMV infection could be detected.

Finally, HCMV tegument proteins have also been proposed to affect the modulation of type II IFN (also known as IFN-γ) signaling, which is an aspect not well studied. In this regard, Feng et al. (2018) have reported that the human N-myc interactor (Nmi) protein, which is important for the activation of IFN-γ, specifically interacts with the viral tegument protein UL23, encoded by UL23, leading to a decrease in IFN-γ expression, thus facilitating viral immune evasion.

To summarize, HCMV has evolved sophisticated mechanisms to modulate the host IFN response, especially that through IFN-I. This new evidence contributes to our understanding of the molecular mechanisms employed by HCMV to evade the innate immune response (Table 1).


TABLE 1. Summary of studies describing HCMV evasion strategies from IFN antiviral activity.
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RESTRICTION FACTORS VS. HCMV: A NEVER ENDING FIGHT

During the last few years, RFs have emerged as main players of the host antiviral response against HCMV (Paludan et al., 2011). RFs are intrinsic antiviral factors, which are sometimes regarded as integral part of the innate immune response or some other times an autonomous third branch of the immune system (Yan and Chen, 2012). Unlike other classical components of innate immunity, they are constitutively expressed within the host cells and are generally IFN inducible, thus allowing an immediate response against viral infection through specific targeting of viral/cellular components (Bieniasz, 2003; Hotter and Kirchhoff, 2018). Interestingly, during HCMV infection a subset of classical IFN-stimulated genes (ISGs) may be also induced or upregulated independently of IFN (Ashley et al., 2019).

Similar to what observed for the IFN system, HCMV has devised clever strategies to sidestep the antiviral activity of RFs, among which IFN-γ-inducible protein 16 (IFI16), nuclear domain 10 (ND10) and virus inhibitory protein ER-associated IFN-inducible (viperin) are among the best characterized (Biolatti et al., 2018c). This list has been in the last few years expanded to include apolipoprotein B editing catalytic subunit-like 3 (APOBEC3), survival time-associated PHD protein in ovarian cancer 1 (SPOC1), Galectin-9 (Gal-9) and human myxovirus resistance 2 (MX2) gene product MxB (Figure 2).
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FIGURE 2. Schematic representation of the restriction activities played by the major RFs to impair HCMV replication.


Unexpectedly, BST2/tetherin, considered to be the pioneer among RFs due to its long established antiviral activity against human immunodeficiency virus (HIV), does not display restriction activity against HCMV, but it rather enhances the susceptibility of hematopoietic cells to HCMV infection, thereby favoring viral hematogenous spread (Viswanathan et al., 2011). Similarly, IFN-inducible transmembrane proteins (IFITMs) 1, 2, and 3, capable of blocking the entry of a broad variety of RNA viruses, fail to inhibit the entry of DNA viruses, such as HCMV, HPV16 and human adenovirus type 5, pointing to an evolutionarily preserved mechanism shared by some DNA viruses to circumvent the antiviral function of IFITMs (Warren et al., 2014). This is however a controversial point, as a more recent study has shown that HCMV, instead of taking part in the entry process, exploits IFITMs at later time points of its viral cycle to facilitate the formation of the virion assembly compartment (vAC), which enhances virion assembly (Xie et al., 2015). Finally, a very recent work elegantly described the ability of HCMV to actively stimulate the cellular RNA-binding protein Roquin in inhibiting the innate immune response through the suppression of IRF1 antiviral activity (Song et al., 2019).


IFI16

In the past decade, our group and others have extensively investigated the antiviral activity of IFI16 against HCMV. In particular, we have shown that IFI16 inhibits HCMV replication at early-late phases through blockade of Sp1 binding to the HCMV DNA polymerase promoter (UL54) (Gariano et al., 2012). At late stages of infection, we also found that HCMV is able to promote IFI16 nuclear delocalization through UL97-mediated IFI16 phosphorylation. Phospho-IFI16 is then redirected from the nucleus to the vAC where it is incorporated into newly formed viral particles (Dell’Oste et al., 2014).

This unexpected behavior raised the important question of why HCMV chooses to incorporate an RF (i.e., IFI16) into its virions. A partial answer to this riddle came from experiments on pp65 showing that at early stages of HCMV infection this tegument protein can interact with IFI16 at the major immediate-early promoter/enhancer (MIEP), promoting viral gene transcription. Thus, entrapping cytoplasmic IFI16 into virions might after all confer a fitness advantage to the virus (Cristea et al., 2010). However, more recent findings have shown that pp65 can also protect IFI16 from degradation, thereby favoring the inhibitory effect of this latter on the promoter region of UL54 (Biolatti et al., 2016). Interestingly, it has been recently demonstrated that IFI16 is rapidly targeted during the establishment of viral latency in a US28-dependent manner, but only in undifferentiated myeloid cells, a natural site of latent carriage (Elder et al., 2019). These authors have indeed proposed that the consequent downregulation of IFI16 is beneficial to the establishment of latency, since IFI16 overexpression drives MIEP activity and IE gene expression via NF-κB.

In addition to its antiviral activity, IFI16 is also able to induce IFN-β expression through cGAS interaction (Diner et al., 2016). cGAS activity plays a major role in the STING/tank-binding kinase (TBK-1)/IRF3 pathway, activated by herpes simplex virus type 1 (HSV-1) and HCMV infection (Diner et al., 2016; Biolatti et al., 2018c). Therefore, it does not come as a surprise that also in this case HCMV has been able to develop a strategy to counteract cGAS activity. Indeed, HCMV UL31 has been recently identified as a cGAS inhibitor, acting through direct protein-protein interaction followed by DNA dissociation from cGAS and reduced cGAMP production (Huang et al., 2018).



ND10 Complex

One of the best characterized HCMV RFs is certainly the ND10 complex, formed by the proteins PML, hDaxx, and Sp100 (Zhang and van Drunen Littel-van den Hurk, 2017). In addition to these components, other molecules, such as the nuclear matrix protein microrchidia family CW-type zinc-finger 3 (MORC3/NXP-2), have been shown to associate with the ND10 complex and exert antiviral activity through an unknown mechanism (Sloan et al., 2016).

During HCMV infection, the viral genome is accumulated at the periphery or within the central core of ND10 bodies, and all the ND10 components are recruited at the site of viral replication to exert their antiviral activity (Tavalai et al., 2008; Adler et al., 2011; Cosme et al., 2011; Glass and Everett, 2013). This is achieved by forming a transcriptionally inactive chromatin complex binding the MIEP, which then silences IE gene expression (Preston and Nicholl, 2006; Woodhall et al., 2006; Lukashchuk et al., 2008; Shin et al., 2012). Moreover, PML is an E3 ligase mediating IE1 SUMOylation, thereby blocking the antagonistic effect of IE1 on STAT-mediated IFN response (Reuter et al., 2017).

Although PML, hDaxx, and Sp100 act as RFs during HCMV lytic replication, they do not seem to affect HCMV latency, as demonstrated by silencing experiments in non-differentiated THP-1 monocytes (Wagenknecht et al., 2015). Meanwhile, other have shown that hDaxx can act as an RF in several latency cellular models, such as NT2 and THP-1 cells, myeloblastic cell lines and primary human CD34+ cells (Saffert and Kalejta, 2006).

Also in this instance, HCMV has developed fine-tuned strategies to subvert the gatekeeping functions of ND10. Perhaps the most surprising solution adopted by HCMV relies on IE1, probably because this viral protein is also the main target of the ND10 complex. Specifically, IE1 can block ND10 SUMOylation (Xu et al., 2001; Lee et al., 2004; Schilling et al., 2017), thereby preventing ND10 oligomerization and activation (Korioth et al., 1996; Ahn and Hayward, 1997; Wilkinson et al., 1998). Moreover, the viral latency-associated gene product (LUNA), encoding a deSUMOylase activity, promotes the disruption of cellular ND10 bodies during latency (Poole et al., 2018).

Other strings to the bow of HCMV are its tegument proteins. Indeed, HCMV pp71 prevents hDaxx-mediated repression of MIEP by binding this protein and stimulating its proteasome degradation, leading to disruption of the ND10-MIEP complex (Hofmann et al., 2002; Cantrell and Bresnahan, 2005). In addition, two other tegument proteins, UL35 and UL35a, have been found to cooperate in regulating pp71activity. In particular, UL35 interacts with pp71, and this interaction has two different effects: at early steps of viral replication, this complex activates IE gene transcription (Schierling et al., 2004), whereas at later stages UL35 independently remodels ND10 and co-localizes with the remodeled structures, thus facilitating pp71-mediated hDaxx disruption. Intriguingly, this activity appears to be negatively regulated by UL35a, which prevents UL35 from shaping ND10 and delivers pp71 to the cytoplasm (Salsman et al., 2011).



Viperin

Another early identified HCMV RF is the IFN-inducible iron-sulfur (4Fe-4S) cluster-binding protein viperin, whose main antiviral activity is exerted during late phases of HCMV life cycle (Chin and Cresswell, 2001). A curious aspect of this interplay is that HCMV is not just able to inhibit viperin RF activity but it has learned how to take advantage of it in different ways. Firstly, HCMV promotes viperin translocation from the ER to the mitochondria by encoding the viral mitochondria-localized inhibitor of apoptosis (vMIA) protein. Once in the mitochondria, viperin can inhibit viral replication by modulating the host metabolism through three distinct mechanisms: (1) inhibition of fatty acid β-oxidation; (2) downregulation of ATP levels; and (3) rearrangement of the actin cytoskeleton (Seo et al., 2011). To this end, viperin transcriptionally activates several mediators of fatty acid metabolism, such as AMP-activated protein kinase (AMPK) and GLUT4 (Seo and Cresswell, 2013). This processes leads to enhanced lipid production in HCMV-infected cells, which in turn favors viral envelope formation and virion release.



APOBEC3

Together with tetherin, cytidine deaminases belonging to the APOBEC3 family are considered fundamental antiviral proteins, known for their antiviral activity against HIV-1 (Blanco-Melo et al., 2012). Over the years, their antiviral activity has also been shown to affect DNA viruses, including HCMV (Harris and Dudley, 2015). Specifically, the APOBEC3 family member APOBEC3A (A3A) is upregulated in the maternal decidua upon HCMV infection or IFN-β administration and displays a strong inhibitory effect against HCMV replication (Weisblum et al., 2017). Furthermore, A3A cytidine deamination activity is responsible for hypermutations in the viral genome of HCMV-infected epithelial cells, thereby impairing HCMV replication through a poorly defined mechanism, presumably involving IFN-β (Weisblum et al., 2017).

The observation that A3A is not the only APOBEC3 isoform induced by HCMV comes from one of our recent studies showing that A3G is also strongly upregulated in HCMV-infected HFFs, an induction apparently mediated by IFN-β (Pautasso et al., 2018). However, the fact that the HCMV genome almost totally lacks A3G motifs (i.e., CCC) rules out the possibility that this protein is a bona fide HCMV RF, raising the hypothesis that host-virus coevolution might have shaped the nucleotide composition of HCMV DNA to generate viruses able to dodge A3G-mediated immune surveillance.



SPOC1

SPOC1, also known as PHF13 (PHD finger 13), was characterized for the first time in patients with epithelial ovarian cancer (Mohrmann et al., 2005). Many cellular functions of this protein can be attributed to its ability to bind and modulate chromatin by cooperating with several heterochromatin proteins. By doing so, SPOC1 differentially regulates subsets of genes mainly involved in DNA binding and chromatin organization, cell cycle and differentiation (Kinkley et al., 2009; Bördlein et al., 2011; Chung et al., 2016). SPOC1 is also a DNA repair factor as it accumulates at DNA double-strand breaks and regulates the DNA damage response (Mund et al., 2012). A restriction activity of SPOC1 has been observed against human adenovirus type 5 (HAdV5) (Schreiner et al., 2013) and HIV-1 (Hofmann et al., 2017). In these specific contexts, SPOC1 inhibits viral replication, but it is also degraded by viral proteins as a negative feedback mechanism. Furthermore, SPOC1 inhibits early steps of HCMV replication by specifically binding MIEP and driving the recruitment of heterochromatin-building factors, in line with its chromatin remodeling activity. Intriguingly, HCMV but not HIV-1 and AdV5 infection promotes and early transient upregulation of SPOC1 through an IE1-mediated mechanisms independent of protein stabilization. At later steps of infection, SPOC1 levels start to decline upon phosphorylation by the serine-threonine kinase glycogen synthase kinase 3β (GSK-3β) (Hofmann et al., 2017). However, contrary to HIV-1 infection, where Vpr has already been identified as the viral protein involved in SPOC1 degradation (Reichel et al., 2018), the mechanism of HCMV-mediated downregulation of SPOC1 still remains obscure.



Gal-9

Among the most recently identified HCMV-RFs, Gal-9 is of particular interest. It belongs to the widely expressed protein family of galectins, playing an important role in both innate and adaptive immunity (Rabinovich et al., 2007; Rabinovich and Toscano, 2009). The immunomodulatory role of Gal-9 is due to the presence of glycan structures on the surface of both host cells and microorganisms, thus enabling galectins to orchestrate antiviral immunity as well as host-virus interactions. For example, Gal-1 and Gal-9 have shown antiviral activity against Epstein-Barr virus (EBV), murine CMV infection (MCMV), Nipah virus (NIV), enterovirus, HIV-1, influenza virus, and dengue virus in a number of in vivo and in vitro models of infection (reviewed in Merani et al., 2015).

Even though galectins can either enhance or inhibit viral infection, a restriction activity of Gal-9 during HCMV infection has been recently observed (Machala et al., 2019). In experiments where Gal-9 was added at different time points after HCMV infection it functioned as an antiviral lectin binding the virions and blocking entry of HCMV into the host cell without influencing post-entry events (Machala et al., 2019). On the other hand, the same authors observed increased concentrations of soluble Gal-9 in the plasma of hematopoietic stem cell transplantation (HSCT) recipients during HCMV reactivation, raising the possibility that Gal-9 may also exert a restriction activity in vivo (Machala et al., 2019).



MxB

The Mx GTPases MxA and MxB are best known as RFs of several RNA viruses, including influenza A virus, vesicular stomatitis virus (VSV), measles virus (MeV) (Haller and Kochs, 2011), and HIV-1 (reviewed in Staeheli and Haller, 2018). The antiviral activity of Mx against herpesviruses is somewhat more controversial. Indeed, while it has recently been demonstrated a pan-herpesvirus restriction activity for MxB against IE viral gene expression, the precise mechanisms it relies on has not yet been fully clarified (Schilling et al., 2018). The most consistent hypothesis is that of a direct action of MxB during the uncoating process aimed at targeting viral capsids or components of the nuclear pore complexes, similarly to what happens during HSV-1 infection (Crameri et al., 2018).



ANTIGEN PRESENTING CELLS: A TWO-EDGED SWORD

APCs are often defined as sentinels of the body, essential for initiating the immune response against pathogens. They, however, play an enigmatic role during HCMV infection. On the one hand, many APCs, including monocytes, macrophages and DCs, are critical to trigger specific T-cell responses. On the other hand, they are permissive to HCMV infection, serving as vehicles for viral spread during the first steps of infection, and then becoming cozy and protective niches for virus replication and persistence at later stages. Conversely, components of the lymphoid lineage, such as NK cells and plasmacytoid DCs (pDCs) are not just resistant to HCMV infection but they are also activated early upon infection by viral components, triggering an antiviral response. Despite the presence of these defense mechanisms, HCMV has put in place multiple strategies to evade APC-mediated immune control so as to establish latency and persistence within the host (Sinclair and Reeves, 2014).


Dendritic Cells (DCs)

DCs are specialized APCs mediating immune response induction and maintenance. The major subsets in humans include classical DCs (cDCs), which comprise Langerhans cells (LCs) and pDCs, the main producers of IFN-I, and monocyte-related DCs (mDCs) (Collin et al., 2013). The role of DCs during HCMV infection remains somewhat controversial because, despite being critical components for the establishment of an antiviral NK and T-cell response, they are also targeted by HCMV for immune escape.

HCMV interacts with DCs in a pleiotropic manner. It is in fact well established that HCMV strains with an intact UL128-131A locus can infect DCs in vitro (Jahn et al., 1999; Riegler et al., 2000). In addition, circulating mDCs isolated from healthy seropositive donors can also support HCMV infection (Reeves and Sinclair, 2013), a process probably favored by the expression of the viral chemokine receptor-like protein US28, which drives DC recirculation (Farrell et al., 2018). In contrast, by using co-culture approaches, it has been shown that mDCs or monocyte-derived macrophages can restrict HCMV with interferon-unrelated mechanisms (Kasmapour et al., 2017; Becker et al., 2018).

For pDCs, the scenario is even more complex. Different subpopulations of pDCs obtained either from tonsils (tpDCs) or blood (bpDCs) react to HCMV-infection in opposite ways (Schneider et al., 2008). For instance, tpDCs are fully permissive for HCMV replication despite the fact that their IFN-α production and expression of costimulatory and adhesion molecules are ultimately affected by HCMV. In contrast, bpDCs appear to be resistant to HCMV infection (Schneider et al., 2008).

HCMV can latently infect DC precursors and then undergo reactivation by taking advantage of chromatin remodeling during differentiation of DC progenitors into mature DCs (Reeves et al., 2005). Conversely, in undifferentiated myeloid precursors, viral lytic genes are inhibited as a consequence of histone modifications of the MIEP, leading to a repressive chromatin structure eventually preventing IE transcriptional activity (Sinclair, 2010). Furthermore, proinflammatory factors, such as IL-6 and the ERK/MAPK pathway have been linked to the reactivation of latent HCMV in DCs and other permissive cells (Reeves and Compton, 2011).

The interplay between HCMV and DCs interaction can have different outcomes in terms of immune response. For instance, HCMV infection of mDCs in vitro triggers IFN and IL-12 release in a cGAS-dependent manner (Renneson et al., 2009; Paijo et al., 2016). Subsequently, other immune mediators are recruited to the infection site to amplify the immune reaction. HCMV infection in mDCs can also modulate TLR3 signaling, but this effect is more evident at later times post-infection (Mezger et al., 2009).

Given the central role of DCs in virus clearance, it is not surprising that HCMV has put in place multiple strategies to inhibit such process. For instance, HCMV can interfere with MHC-I and -II antigen processing and presentation to avoid detection by CD8+ and CD4+ T cells. This process appears to be mediated by the HCMV-encoded protein US2, capable of degrading both MHC-I and MHC-II proteins through the proteasome (Loureiro and Ploegh, 2006). Likewise, other HCMV proteins such as pp65, pp71, and US2-11 have been implicated in HCMV evasion from T-cell recognition by triggering accumulation and degradation of HLA-DR α-chain in perinuclear vacuoles (Odeberg et al., 2003).

Among HCMV genes hindering APC function, a crucial role is played by the viral interleukin-10 homolog (cmvIL-10), expressed during lytic infection and capable of binding the IL-10 receptor of host cells. Specifically, cmvIL-10 upregulates the HCMV putative receptor DC-SIGN, thus enhancing viral infectivity (Raftery et al., 2004), as well as the expression of hIL-10 by primary blood-derived monocytes, thus modulating existing cellular pathways and the viral immunomodulatory impact during infection (Avdic et al., 2016). In addition, it inhibits a number of DCs functions, including TLR-induced IFN-α/β production in nearby pDCs and CD1-mediated antigen presentation (Raftery et al., 2008; Avdic et al., 2014). This effect is also shared by other viruses, which either upregulate hIL-10 (e.g., HIV and hepatitis C virus) (Reiser et al., 1997; Brockman et al., 2009) or express homologs of this cytokine (e.g., EBV and some cytomegaloviruses) (Slobedman et al., 2009), highlighting the importance of IL-10 signaling in viral escape mechanisms.

An important step of the immune response is the ability of DCs to drift from the infection site to the lymph nodes, a process driven by the chemokines CCL19 and CCL21. Consequently, HCMV has developed strategies to impede DC trafficking in response to lymphoid stimuli and induction of T-cell proliferation (Beck et al., 2003; Moutaftsi et al., 2004). For example, it can prevent CCR5 chemokine receptor from switching to CCR7 in infected mDCs, thus inhibiting CCL19- and CCL21-induced migration of mature mDCs (Moutaftsi et al., 2004). Conversely, in immature mDCs, HCMV does not modulate CCR7, but it affects chemotaxis by internalizing CCR1 and CCR5 (Varani et al., 2005). In this context, UL18, the viral homolog of MHC-I, appears to play a controversial role. Indeed, UL18 has been reported to inhibit CD40L-mediated T-cell proliferation through DC maturation impairment (Wagner et al., 2008), meanwhile stimulating the expression of CD83 on mature mDCs. Moreover, at later times, HCMV downregulates surface but not intracellular CD83 (Wagner et al., 2008). Others have reported that soluble CD83, in turn, inhibits T-cell proliferation (Sénéchal et al., 2004), and that UL18 is also able to reduce RANTES-driven chemotaxis of mDCs (Wagner et al., 2008; Figure 3).
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FIGURE 3. Simplified model depicting the interplay among APCs during HCMV infection.


Depending on their stage of maturation, CD34+ progenitor cell-derived LCs can be susceptible to HCMV infection. Indeed, immature LCs are poorly supportive of viral replication, whereas LC-derived mature DCs are highly responsive to infection due to HCMV-mediated subversion of the T-cell response through downregulation of several activation markers, such as MHC-I and -II, CD1a, CD80, CD83, CD86, and CD54 (Hertel et al., 2003). This also leads to a substantial loss of dendrites and to impaired dendritic cell migration in response to lymphoid chemokines (Lee et al., 2004; Figure 3).



Monocytes and Macrophages

Additional reservoirs for HCMV are represented by monocytes and macrophages. In particular, monocytes have been long involved in HCMV dissemination across the human body and are generally regarded as the main source of latent HCMV in the peripheral blood of seropositive people (Smith et al., 2004). Even though they do not support productive HCMV replication (Sinzger et al., 2008), once fully differentiated into macrophages, they become permissive for viral replication. During this process, a major role for virus reactivation and growth seems to be played by IFN-γ and tumor necrosis factor (TNF)-α, produced by allostimulated T cells (Söderberg-Nauclér et al., 1997). Moreover, monocytes are known to release infectious HCMV directed toward uninfected cells in vitro through a not fully defined mechanism (Waldman et al., 1995).

Like DCs, monocyte-derived macrophages play a crucial role in counteracting HCMV spread in vitro. In this context, the role of IFN is controversial. Indeed, IFN-I plays an inhibitory role on HCMV replication when macrophages are stimulated by cell-free HCMV. In contrast, upon co-culture of infected cells and macrophages, the antiviral effect appeared to be independent of IFN-γ, TNF-α, and IFN-I (Becker et al., 2018).

Overall, it seems that HCMV has learned how to escape from monocyte antiviral activity and use these cells as “Trojan horses” to achieve viral spread. For instance, infected monocytes display impaired migration and reduced ability to recruit leukocytes and inflammatory mediators, allowing additional “contact time” to transfer HCMV from infected monocytes to uninfected cells (Frascaroli et al., 2006). Furthermore, the observation that purified pUL128 – i.e., a CC chemokine homolog, part of the HCMV pentamer complex (PC) – triggers monocyte migration in vitro through a poorly characterized mechanism suggests that HCMV might be able to attract monocytes to the infection site and favor viral dissemination by secreting specific chemokines (Zheng et al., 2012). In addition, pUS2-US11-mediated MHC downregulation in DCs is only partially functional in macrophages, which therefore retain their ability to activate CD4+ and CD8+ T cells (Frascaroli et al., 2018). Lastly, HCMV inhibits the differentiation of both macrophages and DCs from monocytic precursors after stimulation with IL-4 and GM-CSF, impairing immunological functions (Gredmark and Söderberg-Nauclér, 2003). In this context, the main inhibitors of macrophage differentiation are the cell-surface aminopeptidase N/CD13 and HCMV glycoprotein B (gB) (Gredmark et al., 2004; Figure 3).

As for DCs, cmvIL-10 can also impair cytokine production of these cells through inhibition of phosphatidylinositol 3-kinase/Akt signaling (Spencer, 2007), with concurrent downmodulation of integrin-like receptor surface expression [i.e., CD11b/CD18 (CR3) and CD11c/CD18 (CR4)], a process that strongly impairs DC phagocytic activity (Gafa et al., 2005). Finally, downregulation of CCR1 and CCR5 is associated with slower cell migration, reorganization of the cytoskeleton and secretion of soluble inhibitors (Frascaroli et al., 2009; Figure 3).



NK CELLS AND HCMV: A BALANCE OF OPPOSING FORCES

NK cells play crucial role in eliminating HCMV-infected cells through cytotoxicity and secretion of several cytokines and chemokines able to directly impair viral replication (e.g., IFN-g and TNF-a) or to recruit and/or activate other cells of the immune system. However, if on one side there are examples demonstrating the importance of NK cells in controlling HCMV infection, on the other side there is a long list of viral proteins capable of protecting HCMV from NK cell recognition and killing (Brown and Scalzo, 2008; Schmiedel and Mandelboim, 2017; Patel et al., 2018).

The former case is best exemplified by human NK cell primary immunodeficiencies (NKD), which inevitably results in high susceptibility to herpesvirus infections [i.e., HCMV, HSV, EBV, and varicella zoster virus (VZV)] (Biron et al., 1989). In this regard, more than 60% of NKD patients are infected by one of these viruses (Orange, 2013), also in the context of intact CTL functions (Quinnan et al., 1982). The severity of this condition is demonstrated by the fact that nearly half of patients with NKD tend to die prematurely (Orange, 2013; Mace and Orange, 2019).

The antiviral activity of NK cells against HCMV also appears to be mediated by NK cell receptors, whose expression can be to some extent modulated upon viral entry. In particular, HCMV infection can induce the selective expansion of a population of NK cells expressing the activating receptor CD94/NKG2C, giving rise to the so-called “adaptive-like” or “memory-like” NK cells (Gumá et al., 2004). This aspect of NK and HCMV biology is beyond the scope of this review and has already been extensively described in recent reviews (López-Botet et al., 2014, p. 94; O’Sullivan et al., 2015; Rölle and Brodin, 2016).

What is important to point out in this context is that NKG2C receptor skewing is accompanied by other phenotypic, functional and epigenetic modifications, which lead to the generation of a pool of long-living NK cells with increased effector responses upon restimulation. Importantly, Hammer et al. (2018) have recently shown that the triggering event driving NKG2C+ NK cell expansion is mediated by an HCMV-encoded peptide derived from the viral protein UL40 and by the NKG2C ligand HLA-E. However, it is worth pointing out that the emergence of NK cell memory in response to HCMV can also occur in individuals lacking expression of NKG2C – i.e., carrying the null allele KLRC2 encoding for NKG2C – (Noyola et al., 2012), suggesting that alternative or compensatory mechanisms may be in place. This mode of activation is nonetheless complex, as HLA-E is also recognized by CD94/NKG2A, the inhibitory counterpart of CD94/NKG2C, with identical peptide specificity (Braud et al., 1998; Lee et al., 1998; Brooks et al., 1999; Cerboni et al., 2000; Ulbrecht et al., 2000; Tomasec et al., 2005). Stabilization of HLA-E by the UL40-derived peptide can thus have opposite effects on NK cells, depending on which receptor is involved. However, it seems that the NKG2C+ NK cell population expanding in HCMV seropositive individuals lacks the inhibitory NKG2A heterodimer (Hammer et al., 2018). In addition, the peptide repertoire encoded by different HCMV UL40 variants may result in an intermediate state, where peptides able to efficiently inhibit NKG2A and simultaneously trigger suboptimal activation of NKG2C+ NK cells are more prevalent (Hammer et al., 2018).

The important role of NK cells in CMV infection comes also from a plethora of studies conducted in mice. In general, the absence of NK cells – due to genetic or neutralizing/depleting antibody manipulations – results in a significantly diminished, and sometimes lethal, control of MCMV (Bukowski et al., 1984; Brown and Scalzo, 2008). Similarly to HCMV, it has been reported a pathogen-specific recognition mechanism for protection, involving the NK cell-activating Ly49H receptor, which specifically recognizes the MCMV protein m157 (Arase et al., 2002).

Another important strategy for immune escape is the ability of HCMV to manipulate the expression of several ligands of the NKG2D receptor, expressed on all NK cells, CD8+ T cells and other T-lymphocyte subsets (e.g., CD4 + T cells, gd, and NKT cells) (Lanier, 2015; Zingoni et al., 2018). There are eight different NKG2D ligands (i.e., MICA, MICB, and ULBP1-6), all belonging to the MHC class I-like family and possessing two or three αdomains, but not able to bind peptides or β2-microglobulin. These molecules are also known as “stress-induced ligands” or “induced self” as they are rarely expressed on the plasma membrane of healthy cells but can be rapidly up-regulated upon different types of stress, including those triggered by viral infection (Cerboni et al., 2014; Lanier, 2015). In the absence of a specific viral countermeasure, up-regulation of NKG2D ligands (NKG2DLs) would likely result in the killing of infected cells, as it has been observed in some experimental conditions (Cerboni et al., 2000; Wang et al., 2002; Pignoloni et al., 2016). However, in vitro studies have shown that this is not always the case since HCMV encodes at least seven different molecules – among which a few identified very recently – able to inhibit NKG2DL expression, thus conferring protection to the infected cells. In particular, MICA seems to be the most frequently targeted ligand, with UL142, UL148a, US9, US18, and US20 viral proteins dedicated to block its expression at different levels, sometimes in an allelic-specific manner (Schmiedel and Mandelboim, 2017; Patel et al., 2018; Figure 4). Although the reason for such a high number of HCMV proteins targeting just one ligand is currently unknown, their existence may be ascribed to the fact that, among NKG2D ligands, MICA has the highest affinity for its receptor (Steinle et al., 2001) as well as the largest number of variant alleles, with more than 100 identified thus far1. Based on these findings, it is tempting to speculate that the antiviral activity of MICA may have selected viruses able to block MICA expression and the ensuing NKG2D-mediated killing, and that this in turn might have promoted MICA polymorphism.
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FIGURE 4. Schematic illustration of the strategies used by HCMV to modulate NK cell receptor ligands. The viral proteins mainly involved are depicted in a representative infected cell (right, color outlines), and activating (green) or inhibitory (red) signals relative to specific receptors on a NK cell (left) are shown.


Among NKG2D ligands, we find MICB, a polymorphic gene with more than 40 allelic variants, and 6 ULBP genes boasting a total of 16 allelic variants2 (Radosavljevic et al., 2002). MICB expression is inhibited by miR-UL112, the only HCMV-encoded miRNA described to date targeting this ligand (Stern-Ginossar et al., 2012), and by the viral protein UL16, which is a sort of promiscuous immunoevasin since it can also inhibit the expression of ULBP1, ULBP2, and ULBP6 (Cosman et al., 2001; Kubin et al., 2001; Dunn et al., 2003; Rölle et al., 2003; Wu et al., 2003; Eagle et al., 2009). ULBP3 is instead targeted by UL142, also blocking MICA expression (Ashiru et al., 2009; Bennett et al., 2010). The ability to simultaneously evade multiple cellular pathways has also been reported for US18 and US20, capable of inhibiting both MICA and the NKp30 ligand B7-H6 (Charpak-Amikam et al., 2017; Fielding et al., 2017).

Other targets of HCMV include CD155/PVR and CD112/Nectin-2, two adhesion molecules belonging to the Ig-like superfamily able to bind the activating receptor CD226/DNAM-1 expressed on cytotoxic lymphocytes (Figure 4; Shibuya et al., 1996; Bottino et al., 2003; Tahara-Hanaoka et al., 2004). Similar to NKG2DLs, DNAM-1 ligands (DNAM-1Ls) are often induced by cellular stresses and can trigger cytotoxicity and cytokine release (Shibuya et al., 1996; Bottino et al., 2003; Iguchi-Manaka et al., 2008). For this reason, DNAM-1Ls are also targeted by HCMV, with UL141 downregulating both of them, alone or in combination with US2 through different mechanisms (Tomasec et al., 2005; Prod’homme et al., 2007; Hsu et al., 2015). Of note, UL141 is also able to downregulate the TRAIL receptors R1 and R2, thus preventing TRAIL-dependent NK-cell killing (Nemčovičová et al., 2013; Smith et al., 2013). UL141 is thus a remarkable immunoevasion protein as it targets at least four different molecules regulating NK cell-mediated cytotoxicity.

Adhesion molecules involved in the formation of NK-target cell conjugates are also affected by HCMV. In particular, UL148 down-regulates CD58/LFA-3, the ligand of the CD2 receptor expressed by different leukocyte populations, including NK and CD8+ T cells. The CD2/CD58 axis promotes cell-to-cell adhesion and immunological synapse formation, providing an important co-stimulatory signal on effectors (Siliciano et al., 1985; Selvaraj et al., 1987; Browne et al., 1990) (Leitner et al., 2015). More recently, CD2 has been shown to play a role in costimulation of adaptive NK cells (Rölle et al., 2003; Liu et al., 2016). Furthermore, inhibition of CD58/LFA-3 expression by the viral protein UL148 has revealed that the CD2/CD58 axis is also needed for the recognition of HCMV-infected cells by NK cells and HCMV-specific CTLs (Wang et al., 2018).

In summary, it appears that there is a steadily increasing number of HCMV-encoded proteins evading NK cell recognition and killing. However, to date there is no single viral protein or RNA able to interfere with all the molecules involved in the anti-viral NK cell response.

It is also important to point out that development, proliferation and effector functions of NK cells are tightly regulated by both activating and inhibitory receptors, with an outcome that strongly depends on the balance between opposing signals. Inhibition is delivered via MHC-I molecules expressed on the surface of target cells. However, HCMV, like many other viruses, negatively affects MHC-I expression in infected cells, as this is a crucial step to avoid cell-mediated killing by viral-specific cytotoxic T cells. In theory, this would render infected cells more susceptible to NK cell recognition due to the absence of inhibitory signals. However, the observation that HCMV-infected cells are resistant to NK lysis in vitro seems to suggest otherwise (Cerboni et al., 2000; Wang et al., 2002). What we have in fact described in this section is a plethora of viral molecules evolved by HCMV to escape from NK cell activation, which otherwise would be detrimental for viral fitness.

To complete this picture, HCMV can fully accomplish immunoevasion from NK cells thanks to its own MHC-I surrogate, called UL18. This protein is markedly similar to cellular MHC-I molecules (Beck and Barrell, 1988; Browne et al., 1990) and acts as a viral homolog by binding with high affinity the MHC-I NK cell inhibitory receptor CD85j/LIR1/ILT2, thereby suppressing NK cell functions (Chapman et al., 1999; Cosman et al., 2001; Cerboni et al., 2006; Prod’homme et al., 2007).

In conclusion, HCMV is a driving force in shaping the NK cell receptor repertoire and modes of recognition of infected cells. The virus is not only capable of “hitting the brakes” of NK cells through its own MHC-I surrogate (UL18) or by engaging the CD94/NKG2A inhibitory receptor with UL40, but it can also “block the gas pedal” by inhibiting the expression of several ligands of NK cell activating receptors. The outcome is a million-year-long host-pathogen equilibrium, where neither the host nor the pathogen is at risk of extinction.



HCMV AND APOPTOSIS: “NOT TODAY!”

Apoptosis, or programmed cell death (PCD), is essential for the maintenance of homeostasis and survival of most multi-cellular organisms. Apoptosis occurs predominantly through the following three pathways: (1) extracellular ligand-mediated extrinsic pathway; (2) mitochondria-mediated intrinsic pathway; and (3) ER-mediated pathway. The extrinsic pathway is initiated upon binding of extracellular ligands to death receptors (DRs), leading to the formation of the death-inducing signaling complex (DISC), required for the activation of initiator caspases (i.e., cysteine proteases), caspase-8 and caspase-10. The intrinsic pathway is regulated by B-cell lymphoma 2 (Bcl-2) proteins and is characterized by mitochondrial outer membrane permeabilization (MOMP) (Elmore, 2007). The ER-mediated pathway is instead induced by stress signals, such as excessive unfolded proteins in the ER and triggers the activation of caspases-7, -9, and -12 (Bhat et al., 2017). All these pathways lead to the activation of the executioner caspases-3 and -7 that contribute to the majority of events taking place during apoptosis (Elmore, 2007).

Apoptosis is also one of the main steps of the innate response against viral infections, including HCMV. Also in this case, HCMV has evolved several strategies to subvert host cell apoptotic defenses by targeting key effector molecules in the apoptotic cascade. Upon infection, the slowly replicating HCMV modulates cellular apoptosis pathways in various cell types, such as endothelial cells, fibroblasts and macrophages by encoding numerous death inhibitors to block premature death of host cells, thus favoring its replication (Brune and Andoniou, 2017; Collins-McMillen et al., 2018; Figure 5). The following paragraphs will contain a comprehensive review and discussion of some of the main mechanisms used by HCMV to modulate or prevent the apoptotic pathways of infected host cells.


[image: image]

FIGURE 5. Overview of the main apoptotic pathways and evasion strategies employed by HCMV.



Inhibition of Extrinsic Apoptosis

Caspase-8 is required for initiation of apoptosis in response to death factors such as Fas-L or TNF-a. Within the Fas-FADD-Caspase-8 complex, also known as DISC, caspase-8 undergoes self-cleavage to convert to the active form. Fully-cleaved caspase-8 is released from DISC to the cytosol to trigger the apoptotic signal to downstream caspase effectors or to cleave the Bcl-2-interacting protein (Bid), which leads to the release of cytochrome c from mitochondria, inducing activation of caspase-9 in a complex with dATP and Apaf-1 (Kruidering and Evan, 2000). To counteract DR- mediated apoptosis and gain a survival advantage, HCMV encodes the viral inhibitor of caspase-8-induced apoptosis vICA/pUL36, which binds the prodomain of procaspase-8, impedes the recruitment of FADD, and prevents the formation of a functional DISC. The fact that homologs of HCMV vICA have been identified in the vast majority of mammalian betaherpesviruses implies that the function of vICA is important and conserved. This is exemplified by M36, the vICA counterpart of MCMV, which also displays an anti-apoptotic activity by interacting with procaspase-8, and that has been shown to be rescued by vICA in order to allow viral replication, confirming the reliability of the murine model (Chaudhry et al., 2017).

Moreover, the replication of UL36-deficient virus can be restored by treatment with the pan-caspase inhibitor z-VAD(OMe)-fluoromethyl ketone (fmk) only in immature but not mature macrophages, suggesting that apoptosis impairs the replication of UL36-deficient virus in defined cell types. However, according to McCormick et al. (2010), it seems that cell death pathways activated by HCMV infection are altered as monocytes differentiate to macrophages. Indeed, early during differentiation, UL36-deficient virus-induced apoptosis is dependent on caspases and can be blocked by z-VAD-fmk, while at later stages of differentiation it appears to be caspase-independent.



Inhibition of Intrinsic Apoptosis

Mitochondria play a pivotal role in the intrinsic apoptosis pathway. Initiation and execution of this pathway is regulated by the Bcl-2 effector proteins Bax (Bcl-2-associated X protein) and Bcl-2 antagonist or killer (Bak) that control MOMP. MOMP prompts the release of proapoptotic intermembrane space (IMS) proteins that promote the formation of the apoptosome – composed by cytochrome c and Apaf-1 – and activation of caspase-9. Once active, caspase-9 can directly cleave the effector caspases 3 and 7 (Estaquier et al., 2012). HCMV prevents MOMP by encoding the viral mitochondria-localized inhibitor of apoptosis (pUL37x1/vMIA). UL37x1, highly conserved among HCMV strains, is located in a complex transcription unit encoding several transcription variants expressed during the IE phase. Two functionally longer splice variants (i.e., gpUL37 and gp37M) share with pUL37x1 an NH2-terminal 162 aa sequence responsible for inhibiting apoptosis, localize partially to mitochondria and have similar, albeit weaker, anti-apoptotic activities (Goldmacher et al., 1999; Colberg-Poley et al., 2000; Reboredo et al., 2004; Kaarbø et al., 2011). pUL37x1 blocks mitochondria-mediated apoptosis by interacting at the level of the mitochondrial outer membrane (MOM) with Bax, thus preventing cytochrome-c release. It still remains to be clarified whether vMIA can inhibit Bak during infection (Sharon-Friling et al., 2006; Sharon-Friling and Shenk, 2014).

Moreover, by using U251 glioma cells a mechanisms of viral apoptosis inhibition and enhancement of cell proliferation has been shown, relying on the activity of the immediate-early protein IE86 on heterogeneous ribonucleoprotein A2/B1 (hnRNP A2/B1) and consequent alternative splicing of Bcl-x (Zhao et al., 2019).

In addition to the aforementioned strategies, HCMV is also involved in preserving the mitochondrial membrane potential and metabolism to prevent cell death. This is achieved thanks to the production of the long non-coding RNA-lncRNA Beta2.7 that enhances cell survival through interaction with gene associated with retinoid/interferon-induced mortality 19 (GRIM19). This interaction causes the stabilization of mitochondrial membrane functions, thereby preserving ATP production and conserving metabolic activity during stress conditions (Poole et al., 2016).



Inhibition of Necroptosis

Necroptosis is an alternative form of programmed cells death that, despite mimicking features of apoptosis, cannot be prevented by caspase inhibitors. Necroptosis can be triggered following activation of DRs as well as after stimulation with LPS, poly(I:C) or CpG DNA, which are ligands of the pattern recognition receptors (PRRs) TLR3, TLR4, and TLR9, respectively. Many downstream signaling pathways cooperate with a complex formed by the receptor interacting protein kinase 1 (RIPK1), RIPK3 and mixed lineage kinase domain-like (MLKL). Necroptosis and apoptosis are strictly interconnected, as confirmed by the observation that the inhibition of caspase-8, the main mediator of the extrinsic apoptotic pathway, promotes the shift from DR-mediated cells death to necroptosis due to activation of RIPK3 and, consequently, MLKL. Phosphorylation of MLKL generates structural changes allowing its insertion into the inner leaflet of the plasma membrane leading to the disruption of cellular membranes (Green, 2019).



Inhibition of Cellular Stress Response

Disturbances of the normal functions of the ER, causing accumulation of unfolded proteins, trigger an evolutionarily conserved cell stress response, known as unfolded protein response (UPR), which, initially aimed to damage compensation, can eventually lead to cell death to avoid viral spread. HCMV prevents this process, in part, via UL38, a multifunctional protein well conserved among different CMV species. In particular, viral DNA replication is severely impaired in viruses lacking UL38 (i.e., ADdlUL38), a feature associated with enhanced death of infected cells (Terhune et al., 2007). Moreover, pUL38 itself can inhibit cell death induced by thapsigargin, which perturbs calcium homeostasis followed by ER-mediated cell death, or by a mutant adenovirus lacking the antiapoptotic E1B-19K protein. Of note, pUL38 cannot counteract cell death triggered by anti-Fas antibodies (Xuan et al., 2009).

Overall, the aforementioned findings suggest that pUL38 hampers both intrinsic and ER-mediated cell death, but it only slightly affects extrinsic apoptosis. UL38, expressed both at early and late stages of infection, is localized in a complex transcription unit that also retains the unspliced transcripts of UL36 and several variants of UL37, expressed during the IE phase. Probably, pUL36, pUL37x1 and pUL38 act synergically to inhibit cell death at different times during infection. As described above, while pUL36 inhibits caspase-8 activation, pUL37x1 blocks mitochondria-mediated intrinsic apoptosis. Furthermore, UL38 inhibits c-Jun N-terminal kinase (JNK) signaling through interaction with the activating transcription factor 4 (ATF4), which leads to caspase-12 or caspase-2 activation (Xuan et al., 2009).

More recently, Luganini et al. (2018) have shown that HCMV encodes for a viral-Ca2+-permeable channel, pUS21, able to reduce Ca2+ content of intracellular stores and to protect cells from apoptosis. Among the US12 gene family members, which includes a set of 10 contiguous tandemly arranged genes (US12-21), pUS21 shows the highest level of identity with two cellular transmembrane BAX inhibitor motif-containing (TMBIM) proteins: Bax inhibitor-1 and Golgi anti-apoptotic protein, both involved in the regulation of cellular Ca2+ homeostasis and adaptive cell responses to stress conditions. Thus, alongside pUL36, pUL37x1 and pUL38, pUS21 contributes to maintaining the viability of the host cell until the virus has completed the infection cycle.

A second mechanism used by CMV to counteract ER stress response involves the downregulation of inositol-requiring enzyme 1 (IRE1) protein levels, an ER stress sensor and cell death executor (Maly and Papa, 2014). Misfolded proteins activate IRE1, which in turn oligomerizes and self-activates its RNase activity, leading to degradation of unfolded proteins and upregulation of ER chaperon to enhance protein folding. IRE1 activation also leads to the recruitment of the TNF receptor associated factor (TRAF)-2 and activation of caspase-12 or JNK. Activated JNK induces cells death by activating proapoptotic BH3 proteins while inhibiting the antiapoptotic Bcl-2. Lastly, both MCMV and HCMV homologs M50 and UL50 enhance IRE1 degradation at later times post-infection, thus preventing all IRE1 signaling events (Stahl et al., 2013).

A second form of stress response induced by HCMV infection is that elicited by DNA damage. To ensure faithful duplication and inheritance of genetic material, cells have evolved mechanisms – collectively termed the DNA-damage response (DDR) – of DNA damage detection to induce DNA repair or, if the damage is too severe, to induce cell death (Xiaofei and Kowalik, 2014). After cell entry, HCMV capsids travel to the nucleus where the linear genome is released and circularized to serve as a template for transcription and replication by a rolling circle mechanism. This process generates multiple exposed ends that can be recognized as dsDNA by activating ataxia-telangiectasia mutated protein (ATM) and rad-3 related kinases (ATR), which initiate the DNA damage signal transduction pathway by targeting proteins involved in the checkpoint response, such as checkpoint kinase 2 (Chk2). In this regard, recent studies have revealed that HCMV can neutralize host DDR at the level of Chk2. In particular, ATM and ChK2 are mislocalized from the nucleus to the cytoplasm where they colocalize with virion structural proteins, which prevents them from initiating the DNA repair process (Gaspar and Shenk, 2006; Luo et al., 2007).



CONCLUSION

Here, we have provided a comprehensive overview of the main characteristics of HCMV that have allowed this virus to evolve multiple immune evasion strategies and achieve latency and seroprevalence. These include the advanced organization and large size of its genome, restricted host specificity, viral latency and sporadic reactivation.

We have also highlighted how the host innate immune response reacts against HCMV infection through different effector cells (e.g., APCs, NK cells, and phagocytes), anti-inflammatory cytokines and IFNs. Briefly, while APCs mediate early immune activation by triggering specific T-cell responses, and cytotoxic NK cells are potent eliminators of HCMV-infected cells, early release of IFN-I and other pro-inflammatory cytokines limit the infection spread through the establishment of the so-called “antiviral state.” In addition, several IFN-inducible RFs, which belong to an additional autonomous branch of innate immunity, play a central role in inhibiting viral replication. Lastly, a significant part of the innate immune response is represented by programmed cell death, as apoptotic control greatly contributes to the removal of original population of HCMV-infected cells. Thus, thanks to the presence of multiple innate immune protective mechanisms the host, in most cases, is able to counteract HCMV spread.

However, in the course of host-virus coevolution, as described in this review, HCMV has acquired an extremely wide range of counter-defense mechanisms and manipulation strategies directed against each arm of innate immunity. For instance, HCMV is able to inhibit NK cell activation by encoding numerous proteins targeting multiple host ligands, which are likely to promote viral persistence in vivo. The virus is also capable of subverting the immune functions of APCs by reprogramming them as efficient means of viral dissemination, while offsetting their immune surveillance by interfering with MHC-I and MHC-II antigen presentation. Moreover, HCMV can block premature death of infected cells, thereby promoting viral replication. Major interfering with IFN-signaling pathways is also accomplished via a wide range of viral proteins that counteract and manipulate IFN production by the host. Thus, there is growing evidence of a highly dynamic and complex interplay between the virus and the IFN system.

From all these data, it is clear that HCMV disease progression depends on the balance between antiviral immune response and viral attempts to manipulate such response to its own advantage. Given the clinical burden of HCMV in immunocompromised patients and congenitally infected infants, there is undoubtedly an urgent and unmet medical need for an effective vaccine against this virus. Significant efforts should also be directed toward the development of more effective therapeutic agents with fewer side effects capable of targeting the virus during both its lytic and latent phases. In this regard, an in-depth analysis of the interplay among HCMV, RFs and INFs resulting in immune evasion should provide potential novel druggable targets.



AUTHOR CONTRIBUTIONS

VD and MD developed the ideas and drafted the manuscript. VD, MB, FG, GGa, and CC wrote sections of the manuscript. GGr, AZ, and SP drew the figures. GGa and MD professionally edited the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

This research was supported by the Italian Ministry of Education, University and Research-MIUR (PRIN 2015W729WH) (MD and CC) (PRIN 2015RMNSTA) (VD), the Compagnia San Paolo of Turin (IFIBD) (MD), the University of Turin (RILO1801) (MD) (VD) (FG). GGa and GGr were supported by the European Commission under the Horizon2020 program (H2020 MSCA-ITN-2015).


ACKNOWLEDGMENTS

We thank Dr. Marcello Arsura for editing and proofreading the manuscript.


FOOTNOTES

1
http://www.ebi.ac.uk/imgt/hla/html

2
https://www.ebi.ac.uk/ipd/imgt/hla/

REFERENCES

Abate, D. A., Watanabe, S., and Mocarski, E. S. (2004). Major human cytomegalovirus structural protein pp65 (ppUL83) prevents interferon response factor 3 activation in the interferon response. J. Virol. 78, 10995–11006. doi: 10.1128/JVI.78.20.10995-11006.2004

Adler, M., Tavalai, N., Müller, R., and Stamminger, T. (2011). Human cytomegalovirus immediate-early gene expression is restricted by the nuclear domain 10 component Sp100. J. Gen. Virol. 92, 1532–1538. doi: 10.1099/vir.0.030981-0

Ahn, J. H., and Hayward, G. S. (1997). The major immediate-early proteins IE1 and IE2 of human cytomegalovirus colocalize with and disrupt PML-associated nuclear bodies at very early times in infected permissive cells. J. Virol. 71, 4599–4613. doi: 10.1128/jvi.71.6.4599-4613.1997

Akira, S., Uematsu, S., and Takeuchi, O. (2006). Pathogen recognition and innate immunity. Cell 124, 783–801. doi: 10.1016/j.cell.2006.02.015

Arase, H., Mocarski, E. S., Campbell, A. E., Hill, A. B., and Lanier, L. L. (2002). Direct recognition of cytomegalovirus by activating and inhibitory NK cell receptors. Science 296, 1323–1326. doi: 10.1126/science.1070884

Ashiru, O., Bennett, N. J., Boyle, L. H., Thomas, M., Trowsdale, J., and Wills, M. R. (2009). NKG2D ligand MICA is retained in the cis-Golgi apparatus by human cytomegalovirus protein UL142. J. Virol. 83, 12345–12354. doi: 10.1128/JVI.01175-09

Ashley, C. L., Abendroth, A., McSharry, B. P., and Slobedman, B. (2019). Interferon-independent innate responses to cytomegalovirus. Front. Immunol. 10:2751. doi: 10.3389/fimmu.2019.02751

Avdic, S., McSharry, B. P., and Slobedman, B. (2014). Modulation of dendritic cell functions by viral IL-10 encoded by human cytomegalovirus. Front. Microbiol 5:337. doi: 10.3389/fmicb.2014.00337

Avdic, S., McSharry, B. P., Steain, M., Poole, E., Sinclair, J., Abendroth, A., et al. (2016). Human cytomegalovirus-encoded human interleukin-10 (IL-10) homolog amplifies its immunomodulatory potential by upregulating human IL-10 in monocytes. J. Virol. 90, 3819–3827. doi: 10.1128/JVI.03066-15

Babić, M., Krmpotić, A., and Jonjić, S. (2011). All is fair in virus-host interactions: NK cells and cytomegalovirus. Trends Mol. Med. 17, 677–685. doi: 10.1016/j.molmed.2011.07.003

Beck, K., Meyer-König, U., Weidmann, M., Nern, C., and Hufert, F. T. (2003). Human cytomegalovirus impairs dendritic cell function: a novel mechanism of human cytomegalovirus immune escape. Eur. J. Immunol. 33, 1528–1538. doi: 10.1002/eji.200323612

Beck, S., and Barrell, B. G. (1988). Human cytomegalovirus encodes a glycoprotein homologous to MHC class-I antigens. Nature 331, 269–272. doi: 10.1038/331269a0

Becker, J., Kinast, V., Döring, M., Lipps, C., and Duran, V. (2018). Human monocyte-derived macrophages inhibit HCMV spread independent of classical antiviral cytokines. Virulence 9, 669–1684. doi: 10.1080/21505594.2018.1535785

Bennett, N. J., Ashiru, O., Morgan, F. J. E., Pang, Y., Okecha, G., Eagle, R. A., et al. (2010). Intracellular sequestration of the NKG2D ligand ULBP3 by human cytomegalovirus. J. Immunol. 185, 1093–1102. doi: 10.4049/jimmunol.1000789

Bhat, T. A., Chaudhary, A. K., Kumar, S., O’Malley, J., Inigo, J. R., Kumar, R., et al. (2017). Endoplasmic reticulum-mediated unfolded protein response and mitochondrial apoptosis in cancer. Biochim. Biophys. Acta Rev. Cancer 1867, 58–66. doi: 10.1016/j.bbcan.2016.12.002

Bieniasz, P. D. (2003). Restriction factors: a defense against retroviral infection. Trends Microbiol. 11, 286–291. doi: 10.1016/s0966-842x(03)00123-9

Bieniasz, P. D. (2004). Intrinsic immunity: a front-line defense against viral attack. Nat. Immunol. 5, 1109–1115. doi: 10.1038/ni1125

Biolatti, M., Dell’Oste, V., De Andrea, M., and Landolfo, S. (2018a). The human cytomegalovirus tegument protein pp65 (pUL83): a key player in innate immune evasion. New Microbiol. 41, 87–94.

Biolatti, M., Dell’Oste, V., Pautasso, S., Gugliesi, F., von Einem, J., Krapp, C., et al. (2018b). Human cytomegalovirus tegument protein pp65 (pUL83) dampens type I interferon production by inactivating the DNA sensor cGAS without affecting STING. J. Virol. 92:e01774-17. doi: 10.1128/JVI.01774-17

Biolatti, M., Dell’Oste, V., Pautasso, S., von Einem, J., Marschall, M., Plachter, B., et al. (2016). Regulatory interaction between the cellular restriction factor IFI16 and viral pp65 (pUL83) modulates viral gene expression and IFI16 protein stability. J. Virol. 90, 8238–8250. doi: 10.1128/JVI.00923-16

Biolatti, M., Gugliesi, F., Dell’Oste, V., and Landolfo, S. (2018c). Modulation of the innate immune response by human cytomegalovirus. Infect. Genet. Evol. 64, 105–114. doi: 10.1016/j.meegid.2018.06.025

Biron, C. A., Byron, K. S., and Sullivan, J. L. (1989). Severe herpesvirus infections in an adolescent without natural killer cells. N. Engl. J. Med. 320, 1731–1735. doi: 10.1056/NEJM198906293202605

Blanco-Melo, D., Venkatesh, S., and Bieniasz, P. D. (2012). Intrinsic cellular defenses against human immunodeficiency viruses. Immunity 37, 399–411. doi: 10.1016/j.immuni.2012.08.013

Bördlein, A., Scherthan, H., Nelkenbrecher, C., Molter, T., Bösl, M. R., Dippold, C., et al. (2011). SPOC1 (PHF13) is required for spermatogonial stem cell differentiation and sustained spermatogenesis. J. Cell. Sci. 124, 3137–3148. doi: 10.1242/jcs.085936

Bottino, C., Castriconi, R., Pende, D., Rivera, P., Nanni, M., Carnemolla, B., et al. (2003). Identification of PVR (CD155) and Nectin-2 (CD112) as cell surface ligands for the human DNAM-1 (CD226) activating molecule. J. Exp. Med. 198, 557–567. doi: 10.1084/jem.20030788

Braud, V. M., Allan, D. S., O’Callaghan, C. A., Söderström, K., D’Andrea, A., Ogg, G. S., et al. (1998). HLA-E binds to natural killer cell receptors CD94/NKG2A. B and C. Nature 391, 795–799. doi: 10.1038/35869

Britt, W. J. (2018). Maternal immunity and the natural history of congenital human cytomegalovirus infection. Viruses 10:405. doi: 10.3390/v10080405

Britt, W. J., and Prichard, M. N. (2018). New therapies for human cytomegalovirus infections. Antiviral Res. 159, 153–174. doi: 10.1016/j.antiviral.2018.09.003

Brockman, M. A., Kwon, D. S., Tighe, D. P., Pavlik, D. F., Rosato, P. C., Sela, J., et al. (2009). IL-10 is up-regulated in multiple cell types during viremic HIV infection and reversibly inhibits virus-specific T cells. Blood 114, 346–356. doi: 10.1182/blood-2008-12-191296

Brooks, A. G., Borrego, F., Posch, P. E., Patamawenu, A., Scorzelli, C. J., Ulbrecht, M., et al. (1999). Specific recognition of HLA-E, but not classical, HLA class I molecules by soluble CD94/NKG2A and NK cells. J. Immunol. 162, 305–313.

Brown, M. G., and Scalzo, A. A. (2008). NK gene complex dynamics and selection for NK cell receptors. Semin. Immunol. 20, 361–368. doi: 10.1016/j.smim.2008.06.004

Browne, E. P., and Shenk, T. (2003). Human cytomegalovirus UL83-coded pp65 virion protein inhibits antiviral gene expression in infected cells. Proc. Natl. Acad. Sci. U.S.A. 100, 11439–11444. doi: 10.1073/pnas.1534570100

Browne, H., Smith, G., Beck, S., and Minson, T. (1990). A complex between the MHC class I homologue encoded by human cytomegalovirus and beta 2 microglobulin. Nature 347, 770–772. doi: 10.1038/347770a0

Brune, W., and Andoniou, C. E. (2017). Die another day: inhibition of cell death pathways by cytomegalovirus. Viruses 9:249. doi: 10.3390/v9090249

Bukowski, J. F., Woda, B. A., and Welsh, R. M. (1984). Pathogenesis of murine cytomegalovirus infection in natural killer cell-depleted mice. J. Virol. 52, 119–128. doi: 10.1128/jvi.52.1.119-128.1984

Cannon, M. J., Schmid, D. S., and Hyde, T. B. (2010). Review of cytomegalovirus seroprevalence and demographic characteristics associated with infection. Rev. Med. Virol. 20, 202–213. doi: 10.1002/rmv.655

Cantrell, S. R., and Bresnahan, W. A. (2005). Interaction between the human cytomegalovirus UL82 gene product (pp71) and hDaxx regulates immediate-early gene expression and viral replication. J. Virol. 79, 7792–7802. doi: 10.1128/JVI.79.12.7792-7802.2005

Cerboni, C., Achour, A., Wärnmark, A., Mousavi-Jazi, M., Sandalova, T., Hsu, M.-L., et al. (2006). Spontaneous mutations in the human CMV HLA class I homologue UL18 affect its binding to the inhibitory receptor LIR-1/ILT2/CD85j. Eur. J. Immunol. 36, 732–741. doi: 10.1002/eji.200425220

Cerboni, C., Fionda, C., Soriani, A., Zingoni, A., Doria, M., Cippitelli, M., et al. (2014). The DNA damage response: a common pathway in the regulation of NKG2D and DNAM-1 ligand expression in normal, infected, and cancer cells. Front. Immunol. 4:508. doi: 10.3389/fimmu.2013.00508

Cerboni, C., Mousavi-Jazi, M., Linde, A., Söderström, K., Brytting, M., Wahren, B., et al. (2000). Human cytomegalovirus strain-dependent changes in NK cell recognition of infected fibroblasts. J. Immunol. 164, 4775–4782. doi: 10.4049/jimmunol.164.9.4775

Chapman, T. L., Heikeman, A. P., and Bjorkman, P. J. (1999). The inhibitory receptor LIR-1 uses a common binding interaction to recognize class I MHC molecules and the viral homolog UL18. Immunity 11, 603–613. doi: 10.1016/s1074-7613(00)80135-1

Charpak-Amikam, Y., Kubsch, T., Seidel, E., Oiknine-Djian, E., Cavaletto, N., Yamin, R., et al. (2017). Human cytomegalovirus escapes immune recognition by NK cells through the downregulation of B7-H6 by the viral genes US18 and US20. Sci. Rep. 7:8661. doi: 10.1038/s41598-017-08866-2

Chaudhry, M. Z., Kasmapour, B., Plaza-Sirvent, C., Bajagic, M., Casalegno Garduño, R., Borkner, L., et al. (2017). UL36 Rescues Apoptosis Inhibition and In vivo Replication of a Chimeric MCMV Lacking the M36 Gene. Front. Cell Infect. Microbiol. 7:312. doi: 10.3389/fcimb.2017.00312

Chin, K. C., and Cresswell, P. (2001). Viperin (cig5), an IFN-inducible antiviral protein directly induced by human cytomegalovirus. Proc. Natl. Acad. Sci. U.S.A. 98, 15125–15130. doi: 10.1073/pnas.011593298

Choi, H. J., Park, A., Kang, S., Lee, E., Lee, T. A., Ra, E. A., et al. (2018). Human cytomegalovirus-encoded US9 targets MAVS and STING signaling to evade type I interferon immune responses. Nat. Commun. 9:125. doi: 10.1038/s41467-017-02624-8

Chung, H.-R., Xu, C., Fuchs, A., Mund, A., Lange, M., Staege, H., et al. (2016). PHF13 is a molecular reader and transcriptional co-regulator of H3K4me2/3. eLife 5:e10607. doi: 10.7554/eLife.10607

Colberg-Poley, A. M., Patel, M. B., Erezo, D. P., and Slater, J. E. (2000). Human cytomegalovirus UL37 immediate-early regulatory proteins traffic through the secretory apparatus and to mitochondria. J. Gen. Virol. 81, 1779–1789. doi: 10.1099/0022-1317-81-7-1779

Collin, M., McGovern, N., and Haniffa, M. (2013). Human dendritic cell subsets. Immunology 140, 22–30. doi: 10.1111/imm.12117

Collins-McMillen, D., Chesnokova, L., Lee, B.-J., Fulkerson, H. L., Brooks, R., Mosher, B. S., et al. (2018). HCMV infection and apoptosis: how do monocytes survive HCMV infection? Viruses 10:533. doi: 10.3390/v10100533

Compton, T., Kurt-Jones, E. A., Boehme, K. W., Belko, J., Latz, E., Golenbock, D. T., et al. (2003). Human cytomegalovirus activates inflammatory cytokine responses via CD14 and Toll-like receptor 2. J. Virol. 77, 4588–4596. doi: 10.1128/jvi.77.8.4588-4596.2003

Cosman, D., Müllberg, J., Sutherland, C. L., Chin, W., Armitage, R., Fanslow, W., et al. (2001). ULBPs, novel MHC class I-related molecules, bind to CMV glycoprotein UL16 and stimulate NK cytotoxicity through the NKG2D receptor. Immunity 14, 123–133. doi: 10.1016/s1074-7613(01)00095-4

Cosme, R. C., Martínez, F. P., and Tang, Q. (2011). Functional interaction of nuclear domain 10 and its components with cytomegalovirus after infections: cross-species host cells versus native cells. PLoS One 6:e19187. doi: 10.1371/journal.pone.0019187

Crameri, M., Bauer, M., Caduff, N., Walker, R., Steiner, F., Franzoso, F. D., et al. (2018). MxB is an interferon-induced restriction factor of human herpesviruses. Nat. Commun. 9:1980. doi: 10.1038/s41467-018-04379-2

Cristea, I. M., Moorman, N. J., Terhune, S. S., Cuevas, C. D., O’Keefe, E. S., Rout, M. P., et al. (2010). Human cytomegalovirus pUL83 stimulates activity of the viral immediate-early promoter through its interaction with the cellular IFI16 protein. J. Virol. 84, 7803–7814. doi: 10.1128/JVI.00139-10

Dell’Oste, V., Gatti, D., Gugliesi, F., De Andrea, M., Bawadekar, M., Lo Cigno, I., et al. (2014). Innate nuclear sensor IFI16 translocates into the cytoplasm during the early stage of in vitro human cytomegalovirus infection and is entrapped in the egressing virions during the late stage. J. Virol. 88, 6970–6982. doi: 10.1128/JVI.00384-14

Diner, B. A., Lum, K. K., Toettcher, J. E., and Cristea, I. M. (2016). Viral DNA Sensors IFI16 and Cyclic GMP-AMP synthase possess distinct functions in regulating viral gene expression, immune defenses, and apoptotic responses during herpesvirus infection. mBio 7:e01553-16. doi: 10.1128/mBio.01553-16

Duggal, N. K., and Emerman, M. (2012). Evolutionary conflicts between viruses and restriction factors shape immunity. Nat. Rev. Immunol. 12, 687–695. doi: 10.1038/nri3295

Dunn, C., Chalupny, N. J., Sutherland, C. L., Dosch, S., Sivakumar, P. V., Johnson, D. C., et al. (2003). Human cytomegalovirus glycoprotein UL16 causes intracellular sequestration of NKG2D ligands, protecting against natural killer cell cytotoxicity. J. Exp. Med. 197, 1427–1439. doi: 10.1084/jem.20022059

Eagle, R. A., Traherne, J. A., Hair, J. R., Jafferji, I., and Trowsdale, J. (2009). ULBP6/RAET1L is an additional human NKG2D ligand. Eur. J. Immunol. 39, 3207–3216. doi: 10.1002/eji.200939502

Elder, E. G., Krishna, B. A., Williamson, J., Lim, E. Y., and Poole, E. (2019). Interferon-responsive genes are targeted during the establishment of human cytomegalovirus latency. mBio 10:e02574-19. doi: 10.1128/mBio.02574-19

Elmore, S. (2007). Apoptosis: a review of programmed cell death. Toxicol. Pathol. 35, 495–516. doi: 10.1080/01926230701320337

Estaquier, J., Vallette, F., Vayssiere, J.-L., and Mignotte, B. (2012). The mitochondrial pathways of apoptosis. Adv. Exp. Med. Biol. 942, 157–183. doi: 10.1007/978-94-007-2869-1_7

Farrell, H. E., Bruce, K., Ma, J., Davis-Poynter, N., and Stevenson, P. G. (2018). Human cytomegalovirus US28 allows dendritic cell exit from lymph nodes. J. Gen. Virol. 99, 1509–1514. doi: 10.1099/jgv.0.001154

Feng, L., Sheng, J., Vu, G.-P., Liu, Y., Foo, C., Wu, S., et al. (2018). Human cytomegalovirus UL23 inhibits transcription of interferon-γ stimulated genes and blocks antiviral interferon-γ responses by interacting with human N-myc interactor protein. PLoS Pathog. 14:e1006867. doi: 10.1371/journal.ppat.1006867

Fielding, C. A., Weekes, M. P., Nobre, L. V., Ruckova, E., Wilkie, G. S., Paulo, J. A., et al. (2017). Control of immune ligands by members of a cytomegalovirus gene expansion suppresses natural killer cell activation. eLife 6:e22206. doi: 10.7554/eLife.22206

Frascaroli, G., Lecher, C., Varani, S., Setz, C., van der Merwe, J., Brune, W., et al. (2018). Human macrophages escape inhibition of major histocompatibility complex-dependent antigen presentation by cytomegalovirus and drive proliferation and activation of memory CD4+ and CD8+ T cells. Front. Immunol. 9:1129. doi: 10.3389/fimmu.2018.01129

Frascaroli, G., Varani, S., Blankenhorn, N., Pretsch, R., Bacher, M., Leng, L., et al. (2009). Human cytomegalovirus paralyzes macrophage motility through down-regulation of chemokine receptors, reorganization of the cytoskeleton, and release of macrophage migration inhibitory factor. J. Immunol. 182, 477–488. doi: 10.4049/jimmunol.182.1.477

Frascaroli, G., Varani, S., Moepps, B., Sinzger, C., Landini, M. P., and Mertens, T. (2006). Human cytomegalovirus subverts the functions of monocytes, impairing chemokine-mediated migration and leukocyte recruitment. J. Virol. 80, 7578–7589. doi: 10.1128/JVI.02421-05

Fu, Y.-Z., Su, S., Gao, Y.-Q., Wang, P.-P., Huang, Z.-F., Hu, M.-M., et al. (2017). Human cytomegalovirus tegument protein UL82 inhibits STING-mediated signaling to evade antiviral immunity. Cell Host Microbe 21, 231–243. doi: 10.1016/j.chom.2017.01.001

Gafa, V., Manches, O., Pastor, A., Drouet, E., Ambroise-Thomas, P., Grillot, R., et al. (2005). Human cytomegalovirus downregulates complement receptors (CR3, CR4) and decreases phagocytosis by macrophages. J. Med. Virol. 76, 361–366. doi: 10.1002/jmv.20358

Gariano, G. R., Dell’Oste, V., Bronzini, M., Gatti, D., Luganini, A., De Andrea, M., et al. (2012). The intracellular DNA sensor IFI16 gene acts as restriction factor for human cytomegalovirus replication. PLoS Pathog. 8:e1002498. doi: 10.1371/journal.ppat.1002498

Gaspar, M., and Shenk, T. (2006). Human cytomegalovirus inhibits a DNA damage response by mislocalizing checkpoint proteins. Proc. Natl. Acad. Sci. U.S.A. 103, 2821–2826. doi: 10.1073/pnas.0511148103

Glass, M., and Everett, R. D. (2013). Components of promyelocytic leukemia nuclear bodies (ND10) act cooperatively to repress herpesvirus infection. J. Virol. 87, 2174–2185. doi: 10.1128/JVI.02950-12

Goldmacher, V. S., Bartle, L. M., Skaletskaya, A., Dionne, C. A., Kedersha, N. L., Vater, C. A., et al. (1999). A cytomegalovirus-encoded mitochondria-localized inhibitor of apoptosis structurally unrelated to Bcl-2. Proc. Natl. Acad. Sci. U.S.A. 96, 12536–12541. doi: 10.1073/pnas.96.22.12536

Goodier, M. R., Jonjić, S., Riley, E. M., and Juranić Lisnić, V. (2018). CMV and natural killer cells: shaping the response to vaccination. Eur. J. Immunol. 48, 50–65. doi: 10.1002/eji.201646762

Goodwin, C. M., Ciesla, J. H., and Munger, J. (2018). Who’s driving? Human cytomegalovirus, interferon, and NFκB signaling. Viruses 10:447. doi: 10.3390/v10090447

Goodwin, C. M., and Munger, J. (2019). The IκB kinases restrict human cytomegalovirus infection. J. Virol. 93:e02030-18. doi: 10.1128/JVI.02030-18

Gredmark, S., Britt, W. B., Xie, X., Lindbom, L., and Söderberg-Nauclér, C. (2004). Human cytomegalovirus induces inhibition of macrophage differentiation by binding to human aminopeptidase N/CD13. J. Immunol. 173, 4897–4907. doi: 10.4049/jimmunol.173.8.4897

Gredmark, S., and Söderberg-Nauclér, C. (2003). Human cytomegalovirus inhibits differentiation of monocytes into dendritic cells with the consequence of depressed immunological functions. J. Virol. 77, 10943–10956. doi: 10.1128/jvi.77.20.10943-10956.2003

Green, D. R. (2019). The coming decade of cell death research: five riddles. Cell 177, 1094–1107. doi: 10.1016/j.cell.2019.04.024

Griffiths, P., Baraniak, I., and Reeves, M. (2015). The pathogenesis of human cytomegalovirus. J. Pathol. 235, 288–297. doi: 10.1002/path.4437

Gumá, M., Angulo, A., Vilches, C., Gómez-Lozano, N., Malats, N., and López-Botet, M. (2004). Imprint of human cytomegalovirus infection on the NK cell receptor repertoire. Blood 104, 3664–3671. doi: 10.1182/blood-2004-05-2058

Haller, O., and Kochs, G. (2011). Human MxA protein: an interferon-induced dynamin-like GTPase with broad antiviral activity. J. Interferon Cytokine Res. 31, 79–87. doi: 10.1089/jir.2010.0076

Hammer, Q., Rückert, T., and Romagnani, C. (2018). Natural killer cell specificity for viral infections. Nat. Immunol. 19, 800–808. doi: 10.1038/s41590-018-0163-6

Harris, R. S., and Dudley, J. P. (2015). APOBECs and virus restriction. Virology 479, 131–145. doi: 10.1016/j.virol.2015.03.012

Hertel, L., Lacaille, V. G., Strobl, H., Mellins, E. D., and Mocarski, E. S. (2003). Susceptibility of immature and mature Langerhans cell-type dendritic cells to infection and immunomodulation by human cytomegalovirus. J. Virol. 77, 7563–7574. doi: 10.1128/jvi.77.13.7563-7574.2003

Hofmann, H., Sindre, H., and Stamminger, T. (2002). Functional interaction between the pp71 protein of human cytomegalovirus and the PML-interacting protein human Daxx. J. Virol. 76, 5769–5783. doi: 10.1128/jvi.76.11.5769-5783.2002

Hofmann, S., Dehn, S., Businger, R., Bolduan, S., Schneider, M., Debyser, Z., et al. (2017). Dual role of the chromatin-binding factor PHF13 in the pre- and post-integration phases of HIV-1 replication. Open Biol. 7:170115. doi: 10.1098/rsob.170115

Hotter, D., and Kirchhoff, F. (2018). Interferons and beyond: induction of antiretroviral restriction factors. J. Leukoc. Biol. 103, 465–477. doi: 10.1002/JLB.3MR0717-307R

Hsu, J.-L., Chen, W.-H., Bai, C.-H., Leu, J.-G., Hsu, C.-Y., Viergever, M. A., et al. (2015). Microstructural white matter tissue characteristics are modulated by homocysteine: a diffusion tensor imaging study. PLoS One 10:e0116330. doi: 10.1371/journal.pone.0116330

Huang, Z.-F., Zou, H.-M., Liao, B.-W., Zhang, H.-Y., Yang, Y., Fu, Y.-Z., et al. (2018). Human cytomegalovirus protein UL31 inhibits DNA sensing of cGAS to mediate immune evasion. Cell Host Microbe 24, 69.e4–80.e4. doi: 10.1016/j.chom.2018.05.007

Iguchi-Manaka, A., Kai, H., Yamashita, Y., Shibata, K., Tahara-Hanaoka, S., Honda, S., et al. (2008). Accelerated tumor growth in mice deficient in DNAM-1 receptor. J. Exp. Med. 205, 2959–2964. doi: 10.1084/jem.20081611

Iwanaszko, M., and Kimmel, M. (2015). NF-κB and IRF pathways: cross-regulation on target genes promoter level. BMC Genomics 16:307. doi: 10.1186/s12864-015-1511-7

Jackson, J. W., and Sparer, T. (2018). There is always another way! cytomegalovirus’ multifaceted dissemination schemes. Viruses 10:383. doi: 10.3390/v10070383

Jahn, G., Stenglein, S., Riegler, S., Einsele, H., and Sinzger, C. (1999). Human cytomegalovirus infection of immature dendritic cells and macrophages. Intervirology 42, 365–372. doi: 10.1159/000053973

Jønsson, K. L., Laustsen, A., Krapp, C., Skipper, K. A., Thavachelvam, K., Hotter, D., et al. (2017). IFI16 is required for DNA sensing in human macrophages by promoting production and function of cGAMP. Nat. Commun. 8:14391. doi: 10.1038/ncomms14391

Kaarbø, M., Ager-Wick, E., Osenbroch, P. Ø, Kilander, A., Skinnes, R., Müller, F., et al. (2011). Human cytomegalovirus infection increases mitochondrial biogenesis. Mitochondrion 11, 935–945. doi: 10.1016/j.mito.2011.08.008

Kasmapour, B., Kubsch, T., Rand, U., Eiz-Vesper, B., Messerle, M., Vondran, F. W. R., et al. (2017). Myeloid dendritic cells repress human cytomegalovirus gene expression and spread by releasing interferon-unrelated soluble antiviral factors. J. Virol. 92:e01138-17. doi: 10.1128/JVI.01138-17

Kim, J.-E., Kim, Y.-E., Stinski, M. F., Ahn, J.-H., and Song, Y.-J. (2017). Human Cytomegalovirus IE2 86 kDa Protein Induces STING Degradation and Inhibits cGAMP-mediated IFN-β induction. Front. Microbiol. 8:1854. doi: 10.3389/fmicb.2017.01854

Kinkley, S., Staege, H., Mohrmann, G., Rohaly, G., Schaub, T., Kremmer, E., et al. (2009). SPOC1: a novel PHD-containing protein modulating chromatin structure and mitotic chromosome condensation. J. Cell. Sci. 122, 2946–2956. doi: 10.1242/jcs.047365

Korioth, F., Maul, G. G., Plachter, B., Stamminger, T., and Frey, J. (1996). The nuclear domain 10 (ND10) is disrupted by the human cytomegalovirus gene product IE1. Exp. Cell Res. 229, 155–158. doi: 10.1006/excr.1996.0353

Kruidering, M., and Evan, G. I. (2000). Caspase-8 in apoptosis: the beginning of “the end”? IUBMB Life 50, 85–90. doi: 10.1080/713803693

Kubin, M., Cassiano, L., Chalupny, J., Chin, W., Cosman, D., Fanslow, W., et al. (2001). ULBP1, 2, 3: novel MHC class I-related molecules that bind to human cytomegalovirus glycoprotein UL16, activate NK cells. Eur. J. Immunol. 31, 1428–1437. doi: 10.1002/1521-4141(200105)31:5<1428::aid-immu1428>3.0.co;2-4

Lanier, L. L. (2015). NKG2D receptor and its ligands in host defense. Cancer Immunol. Res. 3, 575–582. doi: 10.1158/2326-6066.CIR-15-0098

Lee, H.-R., Kim, D.-J., Lee, J.-M., Choi, C. Y., Ahn, B.-Y., Hayward, G. S., et al. (2004). Ability of the human cytomegalovirus IE1 protein to modulate sumoylation of PML correlates with its functional activities in transcriptional regulation and infectivity in cultured fibroblast cells. J. Virol. 78, 6527–6542. doi: 10.1128/JVI.78.12.6527-6542.2004

Lee, N., Llano, M., Carretero, M., Ishitani, A., Navarro, F., López-Botet, M., et al. (1998). HLA-E is a major ligand for the natural killer inhibitory receptor CD94/NKG2A. Proc. Natl. Acad. Sci. U.S.A. 95, 5199–5204. doi: 10.1073/pnas.95.9.5199

Leitner, J., Herndler-Brandstetter, D., Zlabinger, G. J., Grubeck-Loebenstein, B., and Steinberger, P. (2015). CD58/CD2 is the primary costimulatory pathway in human CD28-CD8+ T cells. J. Immunol. 195, 477–487. doi: 10.4049/jimmunol.1401917

Liu, L. L., Brumbaugh, J., Bar-Nur, O., Smith, Z., Stadtfeld, M., Meissner, A., et al. (2016). Probabilistic modeling of reprogramming to induced pluripotent stem cells. Cell Rep. 17, 3395–3406. doi: 10.1016/j.celrep.2016.11.080

Loewendorf, A., and Benedict, C. A. (2010). Modulation of host innate and adaptive immune defenses by cytomegalovirus: timing is everything. J. Intern. Med. 267, 483–501. doi: 10.1111/j.1365-2796.2010.02220.x

López-Botet, M., Muntasell, A., and Vilches, C. (2014). The CD94/NKG2C+ NK-cell subset on the edge of innate and adaptive immunity to human cytomegalovirus infection. Semin. Immunol. 26, 145–151. doi: 10.1016/j.smim.2014.03.002

Loureiro, J., and Ploegh, H. L. (2006). Antigen presentation and the ubiquitin-proteasome system in host-pathogen interactions. Adv. Immunol. 92, 225–305. doi: 10.1016/S0065-2776(06)92006-9

Luecke, S., and Paludan, S. R. (2015). Innate recognition of alphaherpesvirus DNA. Adv. Virus Res. 92, 63–100. doi: 10.1016/bs.aivir.2014.11.003

Luganini, A., Di Nardo, G., Munaron, L., Gilardi, G., Fiorio Pla, A., and Gribaudo, G. (2018). Human cytomegalovirus US21 protein is a viroporin that modulates calcium homeostasis and protects cells against apoptosis. Proc. Natl. Acad. Sci. U.S.A. 115, E12370–E12377. doi: 10.1073/pnas.1813183115

Lukashchuk, V., McFarlane, S., Everett, R. D., and Preston, C. M. (2008). Human cytomegalovirus protein pp71 displaces the chromatin-associated factor ATRX from nuclear domain 10 at early stages of infection. J. Virol. 82, 12543–12554. doi: 10.1128/JVI.01215-08

Luo, M. H., Rosenke, K., Czornak, K., and Fortunato, E. A. (2007). Human cytomegalovirus disrupts both ataxia telangiectasia mutated protein (ATM)- and ATM-Rad3-related kinase-mediated DNA damage responses during lytic infection. J. Virol. 81, 1934–1950. doi: 10.1128/JVI.01670-06

Mace, E. M., and Orange, J. S. (2019). Emerging insights into human health and NK cell biology from the study of NK cell deficiencies. Immunol. Rev. 287, 202–225. doi: 10.1111/imr.12725

Machala, E. A., Avdic, S., Stern, L., Zajonc, D. M., Benedict, C. A., Blyth, E., et al. (2019). Restriction of human cytomegalovirus infection by galectin-9. J. Virol. 93:e01746-18. doi: 10.1128/JVI.01746-18

Maly, D. J., and Papa, F. R. (2014). Druggable sensors of the unfolded protein response. Nat. Chem. Biol. 10, 892–901. doi: 10.1038/nchembio.1664

Manicklal, S., Emery, V. C., Lazzarotto, T., Boppana, S. B., and Gupta, R. K. (2013). The “silent” global burden of congenital cytomegalovirus. Clin. Microbiol. Rev. 26, 86–102. doi: 10.1128/CMR.00062-12

Marques, M., Ferreira, A. R., and Ribeiro, D. (2018). The interplay between human cytomegalovirus and pathogen recognition receptor signaling. Viruses 10:514. doi: 10.3390/v10100514

McCormick, A. L., Roback, L., Livingston-Rosanoff, D., and St Clair, C. (2010). The human cytomegalovirus UL36 gene controls caspase-dependent and -independent cell death programs activated by infection of monocytes differentiating to macrophages. J. Virol. 84, 5108–5123. doi: 10.1128/JVI.01345-09

Merani, S., Chen, W., and Elahi, S. (2015). The bitter side of sweet: the role of Galectin-9 in immunopathogenesis of viral infections. Rev. Med. Virol. 25, 175–186. doi: 10.1002/rmv.1832

Mesev, E. V., LeDesma, R. A., and Ploss, A. (2019). Decoding type I and III interferon signalling during viral infection. Nat Microbiol. 4, 914–924. doi: 10.1038/s41564-019-0421-x

Mezger, M., Bonin, M., Kessler, T., Gebhardt, F., Einsele, H., and Loeffler, J. (2009). Toll-like receptor 3 has no critical role during early immune response of human monocyte-derived dendritic cells after infection with the human cytomegalovirus strain TB40E. Viral Immunol. 22, 343–351. doi: 10.1089/vim.2009.0011

Mohrmann, G., Hengstler, J. G., Hofmann, T. G., Endele, S. U., Lee, B., Stelzer, C., et al. (2005). SPOC1, a novel PHD-finger protein: association with residual disease and survival in ovarian cancer. Int. J. Cancer 116, 547–554. doi: 10.1002/ijc.20912

Moutaftsi, M., Brennan, P., Spector, S. A., and Tabi, Z. (2004). Impaired lymphoid chemokine-mediated migration due to a block on the chemokine receptor switch in human cytomegalovirus-infected dendritic cells. J. Virol. 78, 3046–3054. doi: 10.1128/jvi.78.6.3046-3054.2004

Mund, A., Schubert, T., Staege, H., Kinkley, S., Reumann, K., Kriegs, M., et al. (2012). SPOC1 modulates DNA repair by regulating key determinants of chromatin compaction and DNA damage response. Nucleic Acids Res. 40, 11363–11379. doi: 10.1093/nar/gks868

Nemčovičová, I., Benedict, C. A., and Zajonc, D. M. (2013). Structure of human cytomegalovirus UL141 binding to TRAIL-R2 reveals novel, non-canonical death receptor interactions. PLoS Pathog. 9:e1003224. doi: 10.1371/journal.ppat.1003224

Netea, M. G., Joosten, L. A. B., Latz, E., Mills, K. H. G., Natoli, G., Stunnenberg, H. G., et al. (2016). Trained immunity: a program of innate immune memory in health and disease. Science 352:aaf1098. doi: 10.1126/science.aaf1098

Nikzad, R., Angelo, L. S., Aviles-Padilla, K., Le, D. T., Singh, V. K., Bimler, L., et al. (2019). Human natural killer cells mediate adaptive immunity to viral antigens. Sci. Immunol. 4:eaat8116. doi: 10.1126/sciimmunol.aat8116

Noyola, D. E., Fortuny, C., Muntasell, A., Noguera-Julian, A., Muñoz-Almagro, C., Alarcón, A., et al. (2012). Influence of congenital human cytomegalovirus infection and the NKG2C genotype on NK-cell subset distribution in children. Eur. J. Immunol. 42, 3256–3266. doi: 10.1002/eji.201242752

Odeberg, J., Plachter, B., Brandén, L., and Söderberg-Nauclér, C. (2003). Human cytomegalovirus protein pp65 mediates accumulation of HLA-DR in lysosomes and destruction of the HLA-DR alpha-chain. Blood 101, 4870–4877. doi: 10.1182/blood-2002-05-1504

Orange, J. S. (2013). Natural killer cell deficiency. J. Allergy Clin. Immunol. 132, 515–525. doi: 10.1016/j.jaci.2013.07.020

O’Sullivan, T. E., Sun, J. C., and Lanier, L. L. (2015). Natural killer cell memory. Immunity 43, 634–645. doi: 10.1016/j.immuni.2015.09.013

Paijo, J., Döring, M., Spanier, J., Grabski, E., Nooruzzaman, M., Schmidt, T., et al. (2016). cGAS senses human cytomegalovirus and induces type I interferon responses in human monocyte-derived cells. PLoS Pathog. 12:e1005546. doi: 10.1371/journal.ppat.1005546

Paludan, S. R., Bowie, A. G., Horan, K. A., and Fitzgerald, K. A. (2011). Recognition of herpesviruses by the innate immune system. Nat. Rev. Immunol. 11, 143–154. doi: 10.1038/nri2937

Patel, M., Vlahava, V.-M., Forbes, S. K., Fielding, C. A., Stanton, R. J., and Wang, E. C. Y. (2018). HCMV-encoded NK modulators: lessons from in vitro and in vivo genetic variation. Front. Immunol. 9:2214. doi: 10.3389/fimmu.2018.02214

Pautasso, S., Galitska, G., Dell’Oste, V., Biolatti, M., Cagliani, R., Forni, D., et al. (2018). Strategy of human cytomegalovirus to escape interferon beta-induced APOBEC3G editing activity. J. Virol. 92:e01224-18. doi: 10.1128/JVI.01224-18

Pignoloni, B., Fionda, C., Dell’Oste, V., Luganini, A., Cippitelli, M., Zingoni, A., et al. (2016). Distinct roles for human cytomegalovirus immediate early proteins IE1 and IE2 in the transcriptional regulation of MICA and PVR/CD155 expression. J. Immunol. 197, 4066–4078. doi: 10.4049/jimmunol.1502527

Piret, J., and Boivin, G. (2019). Clinical development of letermovir and maribavir: overview of human cytomegalovirus drug resistance. Antiviral Res. 163, 91–105. doi: 10.1016/j.antiviral.2019.01.011

Poole, E., Kuan, W. L., Barker, R., and Sinclair, J. (2016). The human cytomegalovirus non-coding Beta2.7 RNA as a novel therapeutic for Parkinson’s disease–Translational research with no translation. Virus Res. 212, 64–69. doi: 10.1016/j.virusres.2015.05.007

Poole, E. L., Kew, V. G., Lau, J. C. H., Murray, M. J., Stamminger, T., Sinclair, J. H., et al. (2018). A virally encoded deSUMOylase activity is required for cytomegalovirus reactivation from latency. Cell Rep. 24, 594–606. doi: 10.1016/j.celrep.2018.06.048

Preston, C. M., and Nicholl, M. J. (2006). Role of the cellular protein hDaxx in human cytomegalovirus immediate-early gene expression. J. Gen. Virol. 87, 1113–1121. doi: 10.1099/vir.0.81566-0

Prod’homme, V., Griffin, C., Aicheler, R. J., Wang, E. C. Y., McSharry, B. P., Rickards, C. R., et al. (2007). The human cytomegalovirus MHC class I homolog UL18 inhibits LIR-1+ but activates LIR-1- NK cells. J. Immunol. 178, 4473–4481. doi: 10.4049/jimmunol.178.7.4473

Quinnan, G. V., Kirmani, N., Rook, A. H., Manischewitz, J. F., Jackson, L., Moreschi, G., et al. (1982). Cytotoxic t cells in cytomegalovirus infection: HLA-restricted T-lymphocyte and non-T-lymphocyte cytotoxic responses correlate with recovery from cytomegalovirus infection in bone-marrow-transplant recipients. N. Engl. J. Med. 307, 7–13. doi: 10.1056/NEJM198207013070102

Rabinovich, G. A., Liu, F.-T., Hirashima, M., and Anderson, A. (2007). An emerging role for galectins in tuning the immune response: lessons from experimental models of inflammatory disease, autoimmunity and cancer. Scand. J. Immunol. 66, 143–158. doi: 10.1111/j.1365-3083.2007.01986.x

Rabinovich, G. A., and Toscano, M. A. (2009). Turning “sweet” on immunity: galectin-glycan interactions in immune tolerance and inflammation. Nat. Rev. Immunol. 9, 338–352. doi: 10.1038/nri2536

Radosavljevic, M., Cuillerier, B., Wilson, M. J., Clément, O., Wicker, S., Gilfillan, S., et al. (2002). A cluster of ten novel MHC class I related genes on human chromosome 6q24.2-q25.3. Genomics 79, 114–123. doi: 10.1006/geno.2001.6673

Raftery, M. J., Hitzler, M., Winau, F., Giese, T., Plachter, B., Kaufmann, S. H. E., et al. (2008). Inhibition of CD1 antigen presentation by human cytomegalovirus. J. Virol. 82, 4308–4319. doi: 10.1128/JVI.01447-07

Raftery, M. J., Wieland, D., Gronewald, S., Kraus, A. A., Giese, T., and Schönrich, G. (2004). Shaping phenotype, function, and survival of dendritic cells by cytomegalovirus-encoded IL-10. J. Immunol. 173, 3383–3391. doi: 10.4049/jimmunol.173.5.3383

Reboredo, M., Greaves, R. F., and Hahn, G. (2004). Human cytomegalovirus proteins encoded by UL37 exon 1 protect infected fibroblasts against virus-induced apoptosis and are required for efficient virus replication. J. Gen. Virol. 85, 3555–3567. doi: 10.1099/vir.0.80379-0

Reeves, M. B., and Compton, T. (2011). Inhibition of inflammatory interleukin-6 activity via extracellular signal-regulated kinase-mitogen-activated protein kinase signaling antagonizes human cytomegalovirus reactivation from dendritic cells. J. Virol. 85, 12750–12758. doi: 10.1128/JVI.05878-11

Reeves, M. B., Lehner, P. J., Sissons, J. G. P., and Sinclair, J. H. (2005). An in vitro model for the regulation of human cytomegalovirus latency and reactivation in dendritic cells by chromatin remodelling. J. Gen. Virol. 86, 2949–2954. doi: 10.1099/vir.0.81161-0

Reeves, M. B., and Sinclair, J. H. (2013). Circulating dendritic cells isolated from healthy seropositive donors are sites of human cytomegalovirus reactivation in vivo. J. Virol. 87, 10660–10667. doi: 10.1128/JVI.01539-13

Reichel, A., Stilp, A.-C., Scherer, M., Reuter, N., Lukassen, S., Kasmapour, B., et al. (2018). Chromatin-remodeling factor SPOC1 acts as a cellular restriction factor against human cytomegalovirus by repressing the major immediate early promoter. J. Virol. 92:e00342-18. doi: 10.1128/JVI.00342-18

Reiser, M., Marousis, C. G., Nelson, D. R., Lauer, G., González-Peralta, R. P., Davis, G. L., et al. (1997). Serum interleukin 4 and interleukin 10 levels in patients with chronic hepatitis C virus infection. J. Hepatol. 26, 471–478. doi: 10.1016/s0168-8278(97)80409-6

Renneson, J., Dutta, B., Goriely, S., Danis, B., Lecomte, S., Laes, J.-F., et al. (2009). IL-12 and type I IFN response of neonatal myeloid DC to human CMV infection. Eur. J. Immunol. 39, 2789–2799. doi: 10.1002/eji.200939414

Reuter, N., Schilling, E.-M., Scherer, M., Müller, R., and Stamminger, T. (2017). The ND10 component promyelocytic leukemia protein acts as an E3 ligase for SUMOylation of the major immediate early protein IE1 of human cytomegalovirus. J. Virol. 91:e02335-16. doi: 10.1128/JVI.02335-16

Riegler, S., Hebart, H., Einsele, H., Brossart, P., Jahn, G., and Sinzger, C. (2000). Monocyte-derived dendritic cells are permissive to the complete replicative cycle of human cytomegalovirus. J. Gen. Virol. 81, 393–399. doi: 10.1099/0022-1317-81-2-393

Rölle, A., and Brodin, P. (2016). Immune adaptation to environmental influence: the case of NK Cells and HCMV. Trends Immunol. 37, 233–243. doi: 10.1016/j.it.2016.01.005

Rölle, A., Mousavi-Jazi, M., Eriksson, M., Odeberg, J., Söderberg-Nauclér, C., Cosman, D., et al. (2003). Effects of human cytomegalovirus infection on ligands for the activating NKG2D receptor of NK cells: up-regulation of UL16-binding protein (ULBP)1 and ULBP2 is counteracted by the viral UL16 protein. J. Immunol. 171, 902–908. doi: 10.4049/jimmunol.171.2.902

Rossini, G., Cerboni, C., Santoni, A., Landini, M. P., Landolfo, S., Gatti, D., et al. (2012). Interplay between human cytomegalovirus and intrinsic/innate host responses: a complex bidirectional relationship. Mediators Inflamm. 2012:607276. doi: 10.1155/2012/607276

Saffert, R. T., and Kalejta, R. F. (2006). Inactivating a cellular intrinsic immune defense mediated by Daxx is the mechanism through which the human cytomegalovirus pp71 protein stimulates viral immediate-early gene expression. J. Virol. 80, 3863–3871. doi: 10.1128/JVI.80.8.3863-3871.2006

Salsman, J., Wang, X., and Frappier, L. (2011). Nuclear body formation and PML body remodeling by the human cytomegalovirus protein UL35. Virology 414, 119–129. doi: 10.1016/j.virol.2011.03.013

Schierling, K., Stamminger, T., Mertens, T., and Winkler, M. (2004). Human cytomegalovirus tegument proteins ppUL82 (pp71) and ppUL35 interact and cooperatively activate the major immediate-early enhancer. J. Virol. 78, 9512–9523. doi: 10.1128/JVI.78.17.9512-9523.2004

Schilling, E.-M., Scherer, M., Reuter, N., Schweininger, J., Muller, Y. A., and Stamminger, T. (2017). The human cytomegalovirus IE1 protein antagonizes PML nuclear body-mediated intrinsic immunity via the inhibition of PML De Novo SUMOylation. J. Virol. 91:e02049-16. doi: 10.1128/JVI.02049-16

Schilling, M., Bulli, L., Weigang, S., Graf, L., Naumann, S., Patzina, C., et al. (2018). Human MxB protein is a pan-herpesvirus restriction factor. J. Virol. 92:e01056-18. doi: 10.1128/JVI.01056-18

Schleiss, M. R., Permar, S. R., and Plotkin, S. A. (2017). Progress toward development of a vaccine against congenital cytomegalovirus infection. Clin. Vaccine Immunol. 24:e00268-17. doi: 10.1128/CVI.00268-17

Schmiedel, D., and Mandelboim, O. (2017). Disarming cellular alarm systems-manipulation of stress-induced NKG2D ligands by human herpesviruses. Front. Immunol. 8:390. doi: 10.3389/fimmu.2017.00390

Schneider, K., Meyer-Koenig, U., and Hufert, F. T. (2008). Human cytomegalovirus impairs the function of plasmacytoid dendritic cells in lymphoid organs. PLoS One 3:e3482. doi: 10.1371/journal.pone.0003482

Schreiner, S., Kinkley, S., Bürck, C., Mund, A., Wimmer, P., Schubert, T., et al. (2013). SPOC1-mediated antiviral host cell response is antagonized early in human adenovirus type 5 infection. PLoS Pathog. 9:e1003775. doi: 10.1371/journal.ppat.1003775

Selvaraj, P., Plunkett, M. L., Dustin, M., Sanders, M. E., Shaw, S., and Springer, T. A. (1987). The T lymphocyte glycoprotein CD2 binds the cell surface ligand LFA-3. Nature 326, 400–403. doi: 10.1038/326400a0

Sénéchal, B., Boruchov, A. M., Reagan, J. L., Hart, D. N. J., and Young, J. W. (2004). Infection of mature monocyte-derived dendritic cells with human cytomegalovirus inhibits stimulation of T-cell proliferation via the release of soluble CD83. Blood 103, 4207–4215. doi: 10.1182/blood-2003-12-4350

Seo, J.-Y., and Cresswell, P. (2013). Viperin regulates cellular lipid metabolism during human cytomegalovirus infection. PLoS Pathog. 9:e1003497. doi: 10.1371/journal.ppat.1003497

Seo, J.-Y., Yaneva, R., Hinson, E. R., and Cresswell, P. (2011). Human cytomegalovirus directly induces the antiviral protein viperin to enhance infectivity. Science 332, 1093–1097. doi: 10.1126/science.1202007

Sharon-Friling, R., Goodhouse, J., Colberg-Poley, A. M., and Shenk, T. (2006). Human cytomegalovirus pUL37x1 induces the release of endoplasmic reticulum calcium stores. Proc. Natl. Acad. Sci. U.S.A. 103, 19117–19122. doi: 10.1073/pnas.0609353103

Sharon-Friling, R., and Shenk, T. (2014). Human cytomegalovirus pUL37x1-induced calcium flux activates PKCα, inducing altered cell shape and accumulation of cytoplasmic vesicles. Proc. Natl. Acad. Sci. U.S.A. 111, E1140–E1148. doi: 10.1073/pnas.1402515111

Shibuya, A., Campbell, D., Hannum, C., Yssel, H., Franz-Bacon, K., McClanahan, T., et al. (1996). DNAM-1, a novel adhesion molecule involved in the cytolytic function of T lymphocytes. Immunity 4, 573–581. doi: 10.1016/s1074-7613(00)70060-4

Shin, H. J., Kim, Y.-E., Kim, E. T., and Ahn, J.-H. (2012). The chromatin-tethering domain of human cytomegalovirus immediate-early (IE) 1 mediates associations of IE1, PML and STAT2 with mitotic chromosomes, but is not essential for viral replication. J. Gen. Virol. 93, 716–721. doi: 10.1099/vir.0.037986-0

Siliciano, R. F., Pratt, J. C., Schmidt, R. E., Ritz, J., and Reinherz, E. L. (1985). Activation of cytolytic T lymphocyte and natural killer cell function through the T11 sheep erythrocyte binding protein. Nature 317, 428–430. doi: 10.1038/317428a0

Sinclair, J. (2010). Chromatin structure regulates human cytomegalovirus gene expression during latency, reactivation and lytic infection. Biochim. Biophys. Acta 1799, 286–295. doi: 10.1016/j.bbagrm.2009.08.001

Sinclair, J., and Reeves, M. (2014). The intimate relationship between human cytomegalovirus and the dendritic cell lineage. Front. Microbiol. 5:389. doi: 10.3389/fmicb.2014.00389

Sinzger, C., Digel, M., and Jahn, G. (2008). Cytomegalovirus cell tropism. Curr. Top. Microbiol. Immunol. 325, 63–83. doi: 10.1007/978-3-540-77349-8_4

Sloan, E., Orr, A., and Everett, R. D. (2016). MORC3, a component of PML nuclear bodies, has a role in restricting herpes simplex virus 1 and human cytomegalovirus. J. Virol. 90, 8621–8633. doi: 10.1128/JVI.00621-16

Slobedman, B., Barry, P. A., Spencer, J. V., Avdic, S., and Abendroth, A. (2009). Virus-encoded homologs of cellular interleukin-10 and their control of host immune function. J. Virol. 83, 9618–9629. doi: 10.1128/JVI.01098-09

Smith, M. S., Bentz, G. L., Alexander, J. S., and Yurochko, A. D. (2004). Human cytomegalovirus induces monocyte differentiation and migration as a strategy for dissemination and persistence. J. Virol. 78, 4444–4453. doi: 10.1128/jvi.78.9.4444-4453.2004

Smith, W., Tomasec, P., Aicheler, R., Loewendorf, A., Nemèovièová, I., Wang, E. C. Y., et al. (2013). Human cytomegalovirus glycoprotein UL141 targets the TRAIL death receptors to thwart host innate antiviral defenses. Cell Host Microbe 13, 324–335. doi: 10.1016/j.chom.2013.02.003

Söderberg-Nauclér, C., Fish, K. N., and Nelson, J. A. (1997). Interferon-gamma and tumor necrosis factor-alpha specifically induce formation of cytomegalovirus-permissive monocyte-derived macrophages that are refractory to the antiviral activity of these cytokines. J. Clin. Invest. 100, 3154–3163. doi: 10.1172/JCI119871

Song, J., Lee, S., Cho, D. Y., Lee, S., Kim, H., Yu, N., et al. (2019). Human cytomegalovirus induces and exploits Roquin to counteract the IRF1-mediated antiviral state. Proc. Natl. Acad. Sci. U.S.A. 116, 18619–18628. doi: 10.1073/pnas.1909314116

Spencer, J. V. (2007). The cytomegalovirus homolog of interleukin-10 requires phosphatidylinositol 3-kinase activity for inhibition of cytokine synthesis in monocytes. J. Virol. 81, 2083–2086. doi: 10.1128/JVI.01655-06

Staeheli, P., and Haller, O. (2018). Human MX2/MxB: a potent interferon-induced postentry inhibitor of herpesviruses and HIV-1. J. Virol. 92:e00709-18. doi: 10.1128/JVI.00709-18

Stahl, S., Burkhart, J. M., Hinte, F., Tirosh, B., Mohr, H., Zahedi, R. P., et al. (2013). Cytomegalovirus downregulates IRE1 to repress the unfolded protein response. PLoS Pathog. 9:e1003544. doi: 10.1371/journal.ppat.1003544

Steinle, A., Li, P., Morris, D. L., Groh, V., Lanier, L. L., Strong, R. K., et al. (2001). Interactions of human NKG2D with its ligands MICA, MICB, and homologs of the mouse RAE-1 protein family. Immunogenetics 53, 279–287. doi: 10.1007/s002510100325

Stempel, M., Chan, B., and Brinkmann, M. M. (2019). Coevolution pays off: herpesviruses have the license to escape the DNA sensing pathway. Med. Microbiol. Immunol. 208, 495–512. doi: 10.1007/s00430-019-00582-0

Stern-Ginossar, N., Weisburd, B., Michalski, A., Le, V. T. K., Hein, M. Y., Huang, S.-X., et al. (2012). Decoding human cytomegalovirus. Science 338, 1088–1093. doi: 10.1126/science.1227919

Tahara-Hanaoka, S., Shibuya, K., Onoda, Y., Zhang, H., Yamazaki, S., Miyamoto, A., et al. (2004). Functional characterization of DNAM-1 (CD226) interaction with its ligands PVR (CD155) and nectin-2 (PRR-2/CD112). Int. Immunol. 16, 533–538. doi: 10.1093/intimm/dxh059

Tavalai, N., Papior, P., Rechter, S., and Stamminger, T. (2008). Nuclear domain 10 components promyelocytic leukemia protein and hDaxx independently contribute to an intrinsic antiviral defense against human cytomegalovirus infection. J. Virol. 82, 126–137. doi: 10.1128/JVI.01685-07

Taylor, R. T., and Bresnahan, W. A. (2006). Human cytomegalovirus immediate-early 2 protein IE86 blocks virus-induced chemokine expression. J. Virol. 80, 920–928. doi: 10.1128/JVI.80.2.920-928.2006

Terhune, S., Torigoi, E., Moorman, N., Silva, M., Qian, Z., Shenk, T., et al. (2007). Human cytomegalovirus UL38 protein blocks apoptosis. J. Virol. 81, 3109–3123. doi: 10.1128/JVI.02124-06

Tomasec, P., Wang, E. C. Y., Davison, A. J., Vojtesek, B., Armstrong, M., Griffin, C., et al. (2005). Downregulation of natural killer cell-activating ligand CD155 by human cytomegalovirus UL141. Nat. Immunol. 6, 181–188. doi: 10.1038/ni1156

Tu, W., and Rao, S. (2016). Mechanisms underlying T cell immunosenescence: aging and cytomegalovirus infection. Front. Microbiol. 7:2111. doi: 10.3389/fmicb.2016.02111

Ulbrecht, M., Martinozzi, S., Grzeschik, M., Hengel, H., Ellwart, J. W., Pla, M., et al. (2000). Cutting edge: the human cytomegalovirus UL40 gene product contains a ligand for HLA-E and prevents NK cell-mediated lysis. J. Immunol. 164, 5019–5022. doi: 10.4049/jimmunol.164.10.5019

Varani, S., Frascaroli, G., Homman-Loudiyi, M., Feld, S., Landini, M. P., and Söderberg-Nauclér, C. (2005). Human cytomegalovirus inhibits the migration of immature dendritic cells by down-regulating cell-surface CCR1 and CCR5. J. Leukoc. Biol. 77, 219–228. doi: 10.1189/jlb.0504301

Viswanathan, K., Smith, M. S., Malouli, D., Mansouri, M., Nelson, J. A., and Früh, K. (2011). BST2/Tetherin enhances entry of human cytomegalovirus. PLoS Pathog. 7:e1002332. doi: 10.1371/journal.ppat.1002332

Wagenknecht, N., Reuter, N., Scherer, M., Reichel, A., Müller, R., and Stamminger, T. (2015). Contribution of the major ND10 proteins PML, hDaxx and Sp100 to the regulation of human cytomegalovirus latency and lytic replication in the monocytic cell line THP-1. Viruses 7, 2884–2907. doi: 10.3390/v7062751

Wagner, C. S., Walther-Jallow, L., Buentke, E., Ljunggren, H.-G., Achour, A., and Chambers, B. J. (2008). Human cytomegalovirus-derived protein UL18 alters the phenotype and function of monocyte-derived dendritic cells. J. Leukoc. Biol. 83, 56–63. doi: 10.1189/jlb.0307181

Waldman, W. J., Knight, D. A., Huang, E. H., and Sedmak, D. D. (1995). Bidirectional transmission of infectious cytomegalovirus between monocytes and vascular endothelial cells: an in vitro model. J. Infect. Dis. 171, 263–272. doi: 10.1093/infdis/171.2.263

Wang, E. C. Y., McSharry, B., Retiere, C., Tomasec, P., Williams, S., Borysiewicz, L. K., et al. (2002). UL40-mediated NK evasion during productive infection with human cytomegalovirus. Proc. Natl. Acad. Sci. U.S.A. 99, 7570–7575. doi: 10.1073/pnas.112680099

Wang, E. C. Y., Pjechova, M., Nightingale, K., Vlahava, V.-M., Patel, M., Ruckova, E., et al. (2018). Suppression of costimulation by human cytomegalovirus promotes evasion of cellular immune defenses. Proc. Natl. Acad. Sci. U.S.A. 115, 4998–5003. doi: 10.1073/pnas.1720950115

Wang, N., Baldi, P. F., and Gaut, B. S. (2007). Phylogenetic analysis, genome evolution and the rate of gene gain in the Herpesviridae. Mol. Phylogenet. Evol. 43, 1066–1075. doi: 10.1016/j.ympev.2006.11.019

Warren, C. J., Griffin, L. M., Little, A. S., Huang, I.-C., Farzan, M., and Pyeon, D. (2014). The antiviral restriction factors IFITM1, 2 and 3 do not inhibit infection of human papillomavirus, cytomegalovirus and adenovirus. PLoS One 9:e96579. doi: 10.1371/journal.pone.0096579

Weisblum, Y., Oiknine-Djian, E., Zakay-Rones, Z., Vorontsov, O., Haimov-Kochman, R., Nevo, Y., et al. (2017). APOBEC3A is upregulated by human cytomegalovirus (HCMV) in the maternal-fetal interface, acting as an innate anti-HCMV effector. J. Virol. 91:e01296-17. doi: 10.1128/JVI.01296-17

Wilkinson, G. W., Kelly, C., Sinclair, J. H., and Rickards, C. (1998). Disruption of PML-associated nuclear bodies mediated by the human cytomegalovirus major immediate early gene product. J. Gen. Virol. 79(Pt 5), 1233–1245. doi: 10.1099/0022-1317-79-5-1233

Woodhall, D. L., Groves, I. J., Reeves, M. B., Wilkinson, G., and Sinclair, J. H. (2006). Human Daxx-mediated repression of human cytomegalovirus gene expression correlates with a repressive chromatin structure around the major immediate early promoter. J. Biol. Chem. 281, 37652–37660. doi: 10.1074/jbc.M604273200

Wu, J., Chalupny, N. J., Manley, T. J., Riddell, S. R., Cosman, D., and Spies, T. (2003). Intracellular retention of the MHC class I-related chain B ligand of NKG2D by the human cytomegalovirus UL16 glycoprotein. J. Immunol. 170, 4196–4200. doi: 10.4049/jimmunol.170.8.4196

Xiaofei, E., and Kowalik, T. F. (2014). The DNA damage response induced by infection with human cytomegalovirus and other viruses. Viruses 6, 2155–2185. doi: 10.3390/v6052155

Xie, M., Xuan, B., Shan, J., Pan, D., Sun, Y., Shan, Z., et al. (2015). Human cytomegalovirus exploits interferon-induced transmembrane proteins to facilitate morphogenesis of the virion assembly compartment. J. Virol. 89, 3049–3061. doi: 10.1128/JVI.03416-14

Xu, Y., Ahn, J. H., Cheng, M., Aprhys, C. M., Chiou, C. J., Zong, J., et al. (2001). Proteasome-independent disruption of PML oncogenic domains (PODs), but not covalent modification by SUMO-1, is required for human cytomegalovirus immediate-early protein IE1 to inhibit PML-mediated transcriptional repression. J. Virol. 75, 10683–10695. doi: 10.1128/JVI.75.22.10683-10695.2001

Xuan, B., Qian, Z., Torigoi, E., and Yu, D. (2009). Human cytomegalovirus protein pUL38 induces ATF4 expression, inhibits persistent JNK phosphorylation, and suppresses endoplasmic reticulum stress-induced cell death. J. Virol. 83, 3463–3474. doi: 10.1128/JVI.02307-08

Yan, N., and Chen, Z. J. (2012). Intrinsic antiviral immunity. Nat. Immunol. 13, 214–222. doi: 10.1038/ni.2229

Zhang, K., and van Drunen Littel-van den Hurk, S. (2017). Herpesvirus tegument and immediate early proteins are pioneers in the battle between viral infection and nuclear domain 10-related host defense. Virus Res. 238, 40–48. doi: 10.1016/j.virusres.2017.05.023

Zhao, R., Hu, M., Liang, S., Wang, B., Yu, B., Yang, G., et al. (2019). IE86 inhibits the apoptosis and promotes the cell proliferation of glioma cells via the hnRNP A2/B1-mediated alternative splicing of Bcl-x. Int J Clin Exp Pathol. 12, 2775–2785.

Zheng, Q., Tao, R., Gao, H., Xu, J., Shang, S., and Zhao, N. (2012). HCMV-encoded UL128 enhances TNF-α and IL-6 expression and promotes PBMC proliferation through the MAPK/ERK pathway in vitro. Viral Immunol. 25, 98–105. doi: 10.1089/vim.2011.0064

Zingoni, A., Molfetta, R., Fionda, C., Soriani, A., Paolini, R., Cippitelli, M., et al. (2018). NKG2D and its ligands: “One for All, All for One.”. Front. Immunol. 9:476. doi: 10.3389/fimmu.2018.00476

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Dell’Oste, Biolatti, Galitska, Griffante, Gugliesi, Pasquero, Zingoni, Cerboni and De Andrea. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-11-00661-g003.jpg
CDb40oL

CD1 Ag presentation T cells
/\ uL1g 1 proliferation
IFN-a/B —— HCMV IL-10 1 T Soluble
CD83
DC-SIGN -~ Chemotaxis
T cells
uUs28
DC MHCI O
recirculation —, MHC ||
w USZ 11 family
A 65 Immune recognition
Z ; pp71 by T cells
Gl FasL]t T cells PP
TRAIL apoptosis
__ HCmv
Mon i
onocytic HCMV IL-10 — pI3K/Akt pathway ]1 Cytokine production
precursors
| CD11b/CD18(CR3) lPhagocytic
activity
} cD11c/CD18(CR4)

gB —— Macrophage differentiation





OPS/images/fmicb-11-00661-g002.jpg
Attachment/penetration

CYTOPLASM

NUCLEUS

Immediate early (IE)

US4 apoBec3A
C—u
2ROWON

- Mitochondria

7 Lipid, Late (L)
- syhth‘és‘iﬁ i
LR

Early (E)

oY)
7

vMIA

ER

Assembly and release






OPS/images/fmicb-11-00661-g005.jpg
apoptosome

active

caspase-8/10
active

caspase-9

l
B — s
|

Intracellular
stress

apoptosis





OPS/images/fmicb-11-00661-g004.jpg
PVRICD155
o

@) DNAM.1/CD226 Nectin 2/CD112 /2
o , 0= —
[ ] . A
. . ® .
S NKGZD v MicA
[ ] =
1e0°e «  ————— micB
/ [ ]
[ ]
o CD94/INKG2C e
0% O o=

LIR1/CD85; <

—— activating signal
—— inhibiting signal





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Tuning the Orchestra: HCMV vs. Innate Immunity



		INTRODUCTION



		THE IFN SYSTEM AND HCMV: A STORMY RELATIONSHIP



		RESTRICTION FACTORS VS. HCMV: A NEVER ENDING FIGHT



		IFI16



		ND10 Complex



		Viperin



		APOBEC3



		SPOC1



		Gal-9



		MxB







		ANTIGEN PRESENTING CELLS: A TWO-EDGED SWORD



		Dendritic Cells (DCs)



		Monocytes and Macrophages







		NK CELLS AND HCMV: A BALANCE OF OPPOSING FORCES



		HCMV AND APOPTOSIS: “NOT TODAY!”



		Inhibition of Extrinsic Apoptosis



		Inhibition of Intrinsic Apoptosis



		Inhibition of Necroptosis



		Inhibition of Cellular Stress Response







		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-11-00661-g001.jpg
Extracellular space

TYPEIIIFN

TYPEIIFN

Cytoplasm

Nucleus
e

STING

Ve
Perinuclear

microsomes





OPS/images/cover.jpg
, frontiers
in Microbiology

Tuning the Orchestra: HCMV vs.
Innate Immunity








OPS/images/fmicb-11-00661-t001.jpg
Viral protein (viral gene)

pp65 (UL83)

pUL31 (UL31)
pp71 (UL82)

US9 (US9)

IES6 (UL122)

UL23 (UL23)

Host target

NF-xB
IRF3
cGAS
cGAS
iRhom
STING
MAVS
STING/TBK1
IRF3
NF-xB
STING
Nmi

Suggested mechanism

Reduced nuclear relocalization

Reduced phosphorylation and relocalization
Reduced enzymatic activity

Dissociation of cGAS from DNA
Distruption of translocation complex
Distruption of translocation complex
Attenuation of MAVS signaling

Prevention of STING oligomerization
Dysfunctional nuclear relocalization
Preventing interaction with IFN-B promoter
Proteasome degradation

Disruption of Nmi/STAT1 interaction

Type of IFN

IFN-B
IFN-B
IFN-B
IFN-B
IFN-B
IFN-B
IFN-B
IFN-B
IFN-B
IFN-B
IFN-B
IFN-y

References

Browne and Shenk, 2003
Abate et al., 2004

Biolatti et al., 2018a
Huang et al., 2018
Fuetal., 2017

Choi etal., 2018

Kim et al., 2017

Taylor and Bresnahan, 2006
Feng et al., 2018







OPS/images/logo.jpg
, frontiers
in Microbiology





