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Summary 

 

Summary 

Viral infections pose a significant global health burden as the cause of a number of debilitating 

human diseases. For human cytomegalovirus (HCMV), a β-herpesvirus associated with high 

morbidity in immunocompromised individuals and congenitally infected newborns, an urgent 

need exists for identifying novel intervention strategies to reduce its substantial impact on 

patients and their families. 

Immediate detection of herpesviral entry into the host and subsequent immune signaling are 

critical to control infection. Upon entry, intracellular pathogens are sensed by multiple pattern 

recognition receptors (PRR), leading to the expression and secretion of antiviral type I 

interferons (IFNs) and proinflammatory cytokines. Type I IFNs are crucial cytokines that exert 

their biological effects through the induction of several hundred interferon-stimulated genes 

(ISGs). To date, the antiviral effect for some of these ISGs has been characterized in the 

context of certain viral infections, but to many of them no function has been assigned yet. In 

the case of HCMV infection, the antiviral potential and mechanism of action of the majority of 

ISGs is so far only poorly understood. 

The present study aimed to elucidate potential modulatory effects of selected ISGs that are 

upregulated at early stages upon HCMV infection. To this end, two complementary approaches 

were employed: (i) the generation of stable cell lines overexpressing the selected ISGs, and (ii) 

the creation of knockout (KO) cell lines using Cas9 genome editing. ISG expression of these 

cell lines was validated and a reporter-virus screening assay was established to monitor HCMV 

infection by flow cytometry. This identified the ISGs N-myc interactor (NMI) and interferon-

induced protein 35 kDa (IFI35) to potentially play a proviral role during HCMV infection. 

Moreover, the zinc finger antiviral protein ZAP showed a strong modulatory effect. ZAP is 

known to antagonize several RNA viruses by binding to CG-rich RNA sequences and thereby 

mediating their degradation by recruiting the exosome machinery. Since the role of ZAP during 

DNA virus infection was not well understood, this work focused on performing a comprehensive 

analysis of its antiviral effect and implications during HCMV infection. 

ZAP presents two major isoforms, the short (ZAP-S) and the long (ZAP-L) isoform. Upon HCMV 

infection, expression of ZAP-S was strongly upregulated within the first hours of infection, while 

ZAP-L was constitutively expressed and its protein levels were only slightly induced in infected 

cells. To determine the effect of ZAP on the course of HCMV infection, three individual ZAP 

KO primary human fibroblast (HFF-1) cell lines were generated by Cas9-mediated genome 

editing. Genome copy numbers, quantified by qPCR, demonstrated a negative effect of ZAP 

on viral DNA replication. Reconstitution assays were conducted to confirm the observed 

phenotype and showed that both ZAP main isoforms negatively affected HCMV replication.  

 



Summary 

 

A global temporal analysis comparing the transcriptome and proteome during HCMV infection 

in wildtype and ZAP KO cells demonstrated that the presence of ZAP resulted in reduced viral 

transcript and protein levels, as well as decelerated the progression of HCMV infection. In 

addition, metabolic RNA labeling combined with high-throughput sequencing (SLAM-seq) 

revealed that most of the late gene expression changes derived from the general attenuation 

of HCMV. Remarkably, at early stages of infection, ZAP destabilized a distinct subset of viral 

transcripts, with those expressed from the poorly-characterized UL4-UL5 HCMV locus being 

the most significantly affected. By performing enhanced crosslinking immunoprecipitation and 

sequencing analysis (eCLIP-seq), these viral transcripts were identified as direct targets of 

ZAP, indicating that ZAP mediates their degradation by direct interaction. Nevertheless, 

preliminary results comparing infection between WT virus and different mutants affecting the 

UL4-UL5 HCMV locus showed no differences in viral genome copy numbers, suggesting that 

the delay observed in the presence of ZAP could be exerted by means other than ZAP-specific 

binding and destabilization of UL4 and UL5. On the cellular level, the employed global approach 

enabled the identification of specific anti-apoptotic cellular targets previously described for ZAP, 

such as TNFRSF10D, while also uncovering new ones like ZMAT3, underlining ZAP’s 

involvement in apoptosis. 

Regarding the target specificity of ZAP, this was broadened by the eCLIP-seq data, which 

demonstrated that ZAP preferentially binds not only to CG, but also to other cytosine-rich RNA 

sequences. In addition, the ability to bind CG-dinucleotides through its second zinc finger 

(ZnF2) proved not essential for ZAP to control HCMV infection, as ZAP-S and ZAP-L mutants, 

unable to accommodate CG-dinucleotides, could still negatively affect HCMV replication as 

well as transcript and viral protein levels. 

Lastly, to expand the knowledge of the activity of ZAP to other members of the Herpesviridae, 

its role on α-herpesviruses was explored. Infection of WT and ZAP KO cells demonstrated that 

the presence of ZAP could benefit herpes simplex virus-1 (HSV-1) and varicella-zoster virus 

(VZV) infection, but appeared to have no effect during herpes simplex virus-2 (HSV-2) infection. 

In summary, this work illustrates the complex relationship between ISGs and viruses, presents 

a comprehensive study of the role of ZAP in the context of HCMV infection, and provides 

evidence for an important antiviral role of ZAP during early host defense against this DNA virus. 

It also expands the binding specificity of ZAP, reveals direct targets of ZAP during early HCMV 

infection, and explores their impact during infection. Lastly, this study provides new insights 

into the effect of ZAP on α-herpesviruses, paving the way for future research work. 
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1 

1. Introduction 

1.1. Herpesviruses  

The family of Herpesviridae includes a broad variety of viruses that are widespread in nature 

with highly restricted host specificity. Their host species range from bivalves to mammals, 

including herpesviruses of fish, reptiles, or birds (Davison et al., 2009; Pellett and Roizman, 

2013). Members of this family are large, structurally complex viruses with double-stranded DNA 

(dsDNA) genomes.  

In addition, herpesviruses share the ability to cause lytic and latent infections. The initial and 

acute infection usually occurs in a cell type or tissue where the virus can efficiently replicate. 

From there, herpesviruses can spread to other sites in the body, where they can establish 

latency. During latent infection, the virus remains silent within host cells, with no detectable viral 

progeny, expressing only a small subset of the viral genes. This allows herpesviruses to persist 

throughout life in the host, who becomes a carrier and serves as a lifelong reservoir of the virus. 

Periodical reactivations, triggered by a range of factors including stress, immunosuppression 

and environmental changes, lead to productive infection, which allows transmission from 

infected to new susceptible individuals ensuring the survival of these viruses (Traylen et al., 

2011; Louten, 2016). 

1.1.1. History 

Herpesviruses are ancient viruses. In fact, skin lesions associated with the herpes simplex virus 

(HSV) were well recognized and described already in the Greek literature (Norkin, 2010). The 

term "Herpes" is thus derived from the Greek word herpeis, which means "to creep", referring 

to the ease with which these small infectious agents can spread from one individual to another. 

1.1.2. Classification 

The Herpesviridae family is divided into three subfamilies, according to their biological and 

genomic similarities: Alphaherpesvirinae (α), Betaherpesvirinae (β) and Gammaherpesvirinae 

(γ) (Davison et al., 2009; Pellett and Roizman, 2013). Within this family a high number of its 

members is responsible for a great variety of diseases in humans. These range from cold sores 

and fever blisters to different cancers, as well as venereal and congenital diseases, brain or 

eye infections. 

The nine human herpesviruses described to date are herpes simplex virus type 1 and 2 (HSV-

1 and HSV-2), varicella-zoster virus (VZV), Epstein-Barr virus (EBV), human cytomegalovirus 

(HCMV), human herpesviruses 6A, 6B, and 7 (HHV-6A, HHV-6B, HHV-7, respectively), and 

Kaposi’s sarcoma-associated herpesvirus (KSHV, also known as HHV-8) (summarized in 

Table 1). 
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Table 1. Human herpesviruses (HHV) classification. Alpha (α), beta (β), gamma (γ) subfamilies. 

 Name Common name 
Sero-

prevalence 
Primary / Latent 

infection 
Pathophysiology 

A 
L 
P 
H 
A 

HHV-1 
Herpes simplex 
virus-1 (HSV-1) 

> 60% 
Epithelial / 

Trigeminal ganglia 
sensory neurons 

Oral (gingivostomatitis) 
and genital herpes, 

herpes keratitis, 
congenital defects, 

meningitis, 
encephalitis 

HHV-2 
Herpes simplex 
virus-2 (HSV-2) 

13% 
Epithelial / Sacral 
nerve root ganglia 

Genital herpes, 
congenital defects 

HHV-3 
Varicella-zoster 

virus (VZV) 
> 80% 

Epithelial / 
Trigeminal and 

dorsal root ganglia 

Chicken pox, herpes 
zoster (singles), 

postherpetic neuralgia 

B 
E 
T 
A 
 

HHV-5 
Cytomegalovirus 

(CMV) 
> 90% 

Epithelial, 
endothelial, others / 

Bone marrow 
myeloid cells 

Mononucleosis-like 
disease, congenital 

defects 

HHV-6A 
Human 

herpesvirus-6A 
> 90% 

Lymphocytes, 
monocytes, neuronal 
cells / Hematopoietic 
bone marrow stem 

cells 

Rare complications 
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α-herpesvirinae 

The α-herpesvirinae subfamily comprises herpes simplex virus type 1 (HSV-1), herpes simplex 

virus type 2 (HSV-2), and varicella-zoster virus (VZV) (Table 1). The common feature of these 

viruses is that they present a relatively short replicative cycle. Moreover, they initially infect 

epithelial cells and establish latent infections primarily, but not exclusively, in non-dividing 

neuronal cells. Neurons provide the virus a privileged immunological environment, with almost 

no immune response, and the possibility of persisting for the entire life span of the neuron 

without the risk of losing the viral episome during cell division.  
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Worldwide, it is estimated that 67% of people under the age of 50 are seropositive for HSV-1, 

and 13% for HSV-2 (Looker et al., 2015b; Looker et al., 2015a; WHO, 2022). HSV-1 and HSV-

2 initial infections occur in mucosal epithelia, and subsequently these viruses invade and 

establish latency in the ganglia of the sensory nerve that innervates the infected epithelium. 

The primary infection, as in the case of all herpesviruses, can be asymptomatic, but it may also 

cause severe complications. HSV-1 is mainly transmitted by oral-to-oral contact and can cause 

acute gingivostomatitis, ophthalmic infections, meningitis, encephalitis, or genital herpes. In the 

case of HSV-2, infections are generally sexually transmitted leading to genital herpes and 

congenital defects in newborns of infected mothers (Pellett and Roizman, 2013).  

VZV is spread mainly by the respiratory route and primary infection causes varicella (commonly 

known as chickenpox), a common childhood disease. Indeed, it is estimated that by the age of 

15 years, more than 80% of the European population has been infected (Bollaerts et al., 2017). 

Moreover, VZV reactivation can lead to severe herpes zoster (also known as shingles), which 

is a complication seen mostly in elderly and immunocompromised patients, characterized by a 

painful dermatomal rash (Arvin and Gilden, 2013). Varicella can also lead to severe 

complications, such as bacterial sepsis, pneumonia, or encephalitis, occasionally resulting in 

death. VZV reactivation can provoke other complications, with postherpetic neuralgia being the 

most frequent. Moreover, depending on the site of reactivation, herpes zoster can be followed 

by other neurological diseases, such as meningitis, meningoencephalitis, or cerebellitis (Arvin 

and Gilden, 2013). 

β-herpesvirinae 

The β-herpesvirinae subfamily includes human cytomegalovirus (HCMV, or HHV-5), both 

human herpesviruses 6 (HHV-6A and HHV-6B), and human herpesvirus 7 (HHV-7) (Table 1). 

Seroepidemiological studies indicate their worldwide distribution and consistently show their 

almost universal prevalence within the adult population (Tzellos and Farrell, 2012; Zuhair et al., 

2019). All members are characterized by a long reproductive cycle, which can reach up to 7 

days, undergoing primary infection in a wide range of cell types and tissues. This group of 

viruses establishes latency in monocytes, T lymphocytes or bone marrow progenitor cells, with 

asymptomatic recurrences happening throughout life (Pellett and Roizman, 2013; Weidner-

Glunde et al., 2020).  

HCMV, with a global seroprevalence higher than 80%, generally causes mild symptoms in 

immunocompetent individuals (Cohen and Corey, 1985; Zuhair et al., 2019), while 

immunosuppressed patients are at high risk of developing severe complications such as 

encephalitis, pneumonitis, retinitis or colitis (Meyers et al., 1986; Zamora, 2004). Moreover, 

HCMV infection during pregnancy represents a risk for the newborn, being a leading cause of 

congenital birth defects, such as hearing loss or microcephaly, causing even death (Ramsay 
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et al., 1991). In fact, HCMV is considered the most common congenitally acquired infection in 

developed countries (Rawlinson et al., 2017). 

HHV-6 was the sixth human herpesvirus to be discovered, first isolated in 1986 (Salahuddin et 

al., 1986). There are two variants of HHV-6, HHV-6A and HHV-6B, considered as two distinct 

herpesvirus species given their different biological properties (Adams and Carstens, 2012; 

Ablashi et al., 2014). While HHV-6A is not directly linked to any disease and mostly found in 

adults, in particular in acquired immune deficiency syndrome (AIDS) patients, HHV-6B is 

present in children, cursing with 3 to 5 days of high fever. Individuals infected with HHV-6B can 

eventually develop symptoms of roseola infantum (also known as exanthema subitum or sixth 

disease)  (Yamanishi, 2000; Louten, 2016). Lymphocytes, macrophages, endothelial cells, and 

epithelial cells support productive HHV-6 infection in vitro. Nevertheless, HHV-6 infection can 

lead to severe complications such as HHV-6-associated encephalitis, reported in both children 

and adults, or neurological diseases, observed in small children. 

HHV-7 may also be a cause of roseola during early childhood, but there is a clear lack of 

knowledge regarding this virus and possible associated diseases (Agut et al., 2016, 2017). 

γ-herpesvirinae 

The γ-herpesvirinae subfamily is composed of the human members Epstein-Barr virus (EBV, 

also known as HHV-4) and Kaposi’s sarcoma-associated herpesvirus (KSHV, or HHV-8) 

(Table 1). Initial infection occurs in epithelial, endothelial cells, and B lymphocytes. The 

members of this subfamily are notable for (i) their tropism for B lymphocytes and their ability to 

establish latency in lymphoid cells (memory B cells), and (ii) for being human cancer-associated 

viruses.  

EBV infection is one of the most common virus infections worldwide (Tzellos and Farrell, 2012) 

and the majority of the cases are mild. However, EBV can also lead to infectious 

mononucleosis, colloquially known as “kissing disease”, since the virus is present in the saliva 

of latently infected but asymptomatic individuals. Moreover, EBV is associated with more 

severe clinical outcomes, including Burkitt’s lymphoma, nasopharyngeal or gastric carcinoma, 

and Hodgkin’s lymphoma (Hjalgrim et al., 2007). It was long postulated that infection with EBV 

could trigger the development of multiple sclerosis, a chronic inflammatory demyelinating 

disease of the central nervous system of previously unknown etiology (Bar-Or et al., 2020). 

Most recently, a longitudinal study further strengthened this association (Bjornevik et al., 2022). 

KSHV primary infection takes place mainly in endothelial cells and B lymphocytes, but can also 

replicate in epithelial cells. KSHV distribution among the human population varies widely 

depending on the geographical region, from low seroprevalence rates (less than 5%) in 

northern Europe, Asia, and North America to more than 50% in Africa (Moore, 2000; Boshoff 

and Weiss, 2001). The impact of KSHV can range from mild disease in immunocompetent 

individuals, to Kaposi’s sarcoma, which is one of the characteristic opportunistic diseases 
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associated with AIDS and the most common AIDS-related cancer. In addition, KSHV is 

associated with other B-cell disorders such as primary effusion lymphoma and multicentric 

Castleman’s disease (Dittmer and Damania, 2013; Louten, 2016). 

1.1.3. Virion structure 

The Herpesviridae is a family of large viruses, with virion sizes from 120 to 260 nm in diameter. 

Herpesvirus particles are composed of a rigid icosahedral capsid, assembled from pentons and 

hexons, which is approximately 125 nm in diameter and 15 nm thick. Within the capsid is the 

core, which contains a single molecule of linear double-stranded DNA (dsDNA) folded into a 

highly condensed form. Herpesvirus have considerably different genome sizes, ranging from 

124 to 240 kilobase pairs (kbp) in length. While VZV presents the smallest genome among the 

human herpesviruses with around 125 kbp, HCMV has the largest with approximately 235 kbp. 

The complex of the core, containing the DNA, together with the capsid forms the nucleocapsid, 

which is surrounded by a proteinaceous structure, known as the tegument (Louten, 2016) 

(Figure 1). One of the main purposes of the tegument is to bring a set of already synthesized 

proteins into the newly infected cell to immediately modulate the host response and to create 

a favorable environment for the infection. The outer covering of the virion is the envelope, a 

lipid membrane derived from the host cell, which contains viral glycoproteins on its surface that 

are necessary for attachment and entry (Heldwein and Krummenacher, 2008). 

 

Figure 1. Virion structure of herpesviruses. The icosahedral capsid contains the viral dsDNA and is 
surrounded by a proteinaceous tegument layer and the envelope, which is a lipid membrane presenting 
glycoproteins on its surface. 

1.1.4. The replication cycle of herpesviruses 

The replication cycle of herpesviruses has two different phases that follow the same principle 

between all family members: (i) the lytic cycle, a productive phase that generates new infectious 

progeny virions, and (ii) the latent stage, which is a non-productive phase. Occasionally, 

herpesviruses reactivate from latency and re-enter the lytic cycle (Pellett and Roizman, 2013).  

Herpesvirus can enter into the host cell by either (i) fusion of the viral envelope with the plasma 

membrane or, alternatively, (ii) endocytosis (Figure 2). For this, herpesviruses have a complex 
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fusion machinery to mediate binding and entry, composed of several envelope glycoproteins. 

The viral glycoproteins gB, gH, and gL are conserved among all human herpesviruses and 

constitute the core fusion complex. The first contact with the host cell is through binding 

glycosaminoglycans on the cell surface, with heparan sulfate proteoglycans and chondroitin 

sulfate proteoglycans being the most common ones. After tethering, the viral entry machinery 

gets into close contact to cellular entry receptors, depending on the cell tropism, and activates 

the fusion process (reviewed in Azab and Osterrieder, 2017). Fusion-inducing conformational 

changes lead to entry of the capsid, from which the outer tegument dissociates. The tegument 

contains different proteins able to antagonize host defence mechanisms and promote initial 

gene expression (Kalejta, 2008). The capsid with associated inner tegument is transported via 

the microtubule network, docking at nuclear pore complexes and releasing its genome into the 

nucleus (reviewed in Sodeik, 2000; Döhner et al., 2021). 

While herpesvirus genomes are linear in the virus particle, they circularize upon release into 

the cell nucleus, which is necessary for genomic replication. The lytic cycle is characterized by 

tightly and temporally regulated viral gene expression events that can roughly be divided into 

three stages: immediate-early (IE), early (E), and late (L) (Figure 2). HCMV gene expression 

starts with transcription of IE genes, followed by translation of IE proteins at approximately 

6 hours post infection (hpi). IE proteins then transactivate the transcription of E genes, and 

translation of E proteins occurs at approximately 18 to 20 hpi. A third classical cluster of the so-

called early-late (E-L) proteins is produced at 48 hpi, and mediates the transcription of L genes, 

which will be translated into proteins at 72 to 96 hpi (Stinski, 1978; Wathen and Stinski, 1982; 

Weekes et al., 2014). To initiate replication, IE genes are transcribed through activation of the 

major IE promoter (MIEP) by cellular transcription factors and viral tegument components, 

which does not require de novo viral protein synthesis (Stinski and Roehr, 1985; Stinski and 

Meier, 2007). IE gene products travel back to the nucleus and activate transcription of E genes, 

which encode for the viral DNA polymerase machinery, crucial for replication of the viral 

genome. Herpesvirus replication occurs via the rolling-circle mechanism in which one of the 

circularized DNA strands is used as a template for the de novo synthesized strand, which in 

turn will serve as template for the de novo synthesis of its complementary DNA strand (Skaliter 

et al., 1996). This process leads to the generation of multiple linked copies of viral DNA in form 

of a concatemer that is further cleaved into individual copies and packaged into new capsids. 

Genome replication is required for transcription of L genes, which code mainly for viral capsid, 

envelope, and tegument components, used to assemble new virions. The terminase complex 

participates in this process by binding the newly synthesized viral genome and the procapsid, 

mediating the insertion of DNA into capsids and its cleavage (Wang and McVoy, 2011). The 

viral replication process culminates in the release of the newly assembled capsids through the 

nuclear membrane. This occurs through a process known as envelopment/de-envelopment 

that consists of fusion and primary envelopment of the nucleocapsid at the inner nuclear 

membrane followed by fusion of the primary envelope with the outer nuclear membrane, and 
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subsequent de-envelopment (Figure 2). During this process, the capsid already acquires some 

of its inner tegument layer. Then, it travels to the cytoplasmic viral assembly complex (cVAC), 

a juxtanuclear compartment surrounded by elements of the endoplasmic reticulum (ER)-to-

Golgi intermediate complex, the Golgi apparatus, and the trans-Golgi network (Das et al., 

2014b). Here, the last step of the viral assembly occurs, where the nucleocapsid fuses with 

membranes that contain processed envelope glycoproteins, facilitating the secondary 

envelopment (Sanchez et al., 2000; Louten, 2016). The re-enveloped capsids are released 

from the cVAC as secretory vesicles that will transport the mature viruses to the plasma 

membrane where they will be fused to and released into the extracellular space via exocytosis 

(reviewed in Johnson and Baines, 2011; Lussignol and Esclatine, 2017) (Figure 2). 
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Figure 2. Herpesviruses lytic replication cycle. (1) Viral glycoproteins bind to cell surface receptors 
and mediate entry via (2a) fusion with the plasma membrane or (2b) endocytosis. Tegument proteins 
(represented as gray circles) and the capsid containing the viral genome are released into the cytoplasm. 
(3) The capsid with associated inner tegument is transported via microtubules to docking to the nuclear 
pore complexes, through which it “injects” its viral genome. (4) Viral genome circularizes and the 
temporal transcription cascade initiates with IE gene expression, followed by transcription of early (E) 
genes. (5) E proteins lead to DNA replication, followed by transcription of late (L) genes. (6) The newly 
synthesized viral genome is packaged into the capsid and (7) leaves the nucleus by budding from the 
nuclear membranes, incorporating inner viral tegument proteins. (8) Nucleocapsids travel to the cellular 
endomembrane system (cytoplasmic viral assembly complex, cVAC), where viral glycoproteins are 
acquired. (9) Mature viruses exit the cVAC as secretory vesicles that travel to the plasma membrane 
and (10) are released via exocytosis. IE, immediate-early; E, early; L, late; ER, endoplasmic reticulum. 

1.1.5. Treatment of herpesviral infections  

Options for antiviral therapy against herpesviruses are limited, so currently several clinical 

studies are underway with great efforts focusing on designing specific treatments (reviewed in 

Poole and James, 2018; Perera et al., 2021). The major limitation in their use resides in their 

poor bioavailability, their potential for significant toxicity, and the emergence of drug-resistant 

strains. All this leaves few treatment options for those patients who constitute the most 

vulnerable groups and are at high risk of developing severe disease. In addition, currently 

available antivirals only prevent the virus from replicating, reducing viral shedding, but they 

cannot eliminate the infection. The drugs mentioned in this section shorten the duration of 

primary and recurrent episodes and thus, the severity of the symptoms. However, the great 

challenge that the field of new therapy development faces is the latent infection and possible 

reactivation in susceptible patients. A treatment that can either prevent or eradicate herpesviral 

infections is not yet available, as has been achieved, for instance, in the case of hepatitis C 

virus (HCV). 

Many antiviral treatments against human herpesviruses are based on the use of nucleoside 

analogues (NAs). They exert their activity only after activation, normally by phosphorylation to 

the triphosphate form, to inhibit polymerases and to cease viral replication (Figure 3). The first 

phosphorylation step is catalyzed by a virus-encoded kinase, which gives a selectivity of 

infected over non-infected cells. The monophosphate compound serves as a substrate for 

cellular kinases that convert it to its triphosphate form. They compete with the natural substrate 

of the viral DNA polymerase, which recognizes and incorporates the activated drug into the 

growing nucleic acid chain, blocking further elongation. These drugs inhibit the viral DNA 

polymerase much more effectively than the cellular DNA polymerase (Biron et al., 1985; 

Lischka and Zimmermann, 2008). Acyclovir (ACV), ganciclovir (GCV), or its valine ester 

derivative vanganciclovir (VGCV) belong to the group of NAs, while cidofovir (CDV) is a 

nucleoside phosphonate analogue that does not require initial phosphorylation for its antiviral 

action. Foscarnet (FOS) is a pyrophosphate analogue that acts directly against herpesvirus 

DNA polymerases by mimicking and blocking the pyrophosphate binding site (Figure 3). 
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Figure 3. Mode of action of herpesviral drugs targeted to the viral DNA polymerase. The nucleoside 
analogues (NA) GCV and ACV must be monophosphorylated by a viral-encoded kinase, while CDV does 
not require this first phosphorylation step. The monophosphate compound serves as a substrate for 
cellular kinases to achieve their triphosphate form. The activated drugs are recognized by the viral DNA 
polymerase (in yellow) and incorporated into the viral DNA. FOS needs no activation and directly inhibits 
the polymerase function by blocking the pyrophosphate binding site. GCV, ganciclovir; ACV, acyclovir; 
CDV, cidofovir; FOS, foscarnet. The P symbolizes a phosphate group. 

The nucleoside analogue ACV and the related compounds valacyclovir (VCV), penciclovir 

(PCV), and famciclovir (FCV) show clinical benefit for patients infected with HSV-1, HSV-2, and 

VZV. Approved drugs for treating HCMV and HHV-6 are GCV, VGCV, CDV, and FOS 

(summarized in Table 2). Other specific drugs for HCMV are discussed in Section 1.2. 

Unfortunately, most therapies against EBV have been generally ineffective. In the case of 

KSHV, the approach is to conduct specific cancer therapy to slow the progression of the 

disease. Currently there are several ongoing studies in Kaposi’s sarcoma patients to test 

antivirals, chemotherapeutics, and novel agents based on KSHV pathogenesis. Other drugs, 

such as the tymidine analogue North-methanocarbathymidine (N-MCT) (Prichard et al., 2006) 

or helicase-primase inhibitors (HPIs) show promise but have not yet been introduced into 

clinical use. HPIs target the replication fork progression that separates double DNA strands 

into two single stands during viral DNA synthesis. Amenamevir and pritelivir are HPIs with 

activity against HSV-1, HSV-2, and VZV (Ligat et al., 2018; Shiraki et al., 2021). 

Table 2. Current treatment of herpesviral infections.  

Name of compound Targeted virus Mechanism of action 
Viral kinase 

activated 

Acyclovir (ACV) HSV-1, HSV-2, VZV NA, polymerase inhibitor Yes 

Valaciclovir (VCV) HSV-1, HSV-2, VZV NA, polymerase inhibitor Yes 

Penciclovir (PCV) HSV-1, HSV-2, VZV NA, polymerase inhibitor Yes 

Famciclovir (FCV) HSV-1, HSV-2, VZV NA, polymerase inhibitor Yes 

Ganciclovir (GCV) HCMV, HHV-6 NA, polymerase inhibitor Yes 

Valganciclovir (VGCV) HCMV, HHV-6 NA, polymerase inhibitor Yes 

Cidofovir (CDV) HCMV, HHV-6 NA, polymerase inhibitor No 

Foscarnet (FOS) HCMV, HHV-6 
Pyrophosphate analogue, 

polymerase inhibitor, 
No 
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The above-mentioned drugs target ongoing lytic virus replication and cannot fully clear the virus 

from the host since they cannot eliminate latent reservoirs. Per definition, latently infected cells 

have the potential for virus reactivation, which is a significant source of disease. Thus, an unmet 

need remains for treatments targeted also at latently infected cells (reviewed in Perera et al., 

2021). Some of the strategies developed in the recent years are discussed below, in Section 

1.2.  

The only licensed vaccines for treating human herpesviral infections are available for VZV. The 

first vaccine, developed in Japan in 1974 (Takahashi et al., 1974), proved to be safe and 

effective for prophylactic use in several countries. Introduction of varicella vaccination during 

childhood has resulted in a significant reduction in incidence, hospitalizations and mortality 

rates, being protective against 85% cases of varicella (chickenpox) and 95% cases of zoster 

(shingles) (Vázquez et al., 2001). Moreover, two different therapeutic vaccines against herpes 

zoster have been developed for the elderly age-group to prevent viral reactivation and severe 

associated outcomes (reviewed in Gabutti et al., 2019). Furthermore, there are some recent 

promising advances in live-attenuated prophylactic vaccines against HSV-1 and HSV-2 (Petro 

et al., 2015; Bernstein et al., 2020). 

1.2. Human cytomegalovirus 

HCMV, the most prominent member of the β-herpesvirinae subfamily, is characterized by its 

slow replication cycle (longer than 72 hours) and by having the largest genome among all 

known human viruses. 

HCMV is highly species specific. While HSV-1 and HSV-2 can infect mice, HCMV only 

replicates in its human host. Moreover, HCMV shows a broad cell tropism that greatly 

contributes to the viral pathogenesis. It infects and replicates in a wide variety of cells of mostly 

any organ such as salivary glands, kidney, liver, and mammary glands, including endothelial, 

epithelial, smooth muscle, neuronal cells and fibroblasts, but it also infects hematopoietic cells, 

such as monocytes or macrophages, dendritic cells, and granulocytes (Sinzger et al., 2008; 

Louten, 2016). This broad cell tropism leads to a greater viral spread in the human body and 

facilitates the spread to other individuals. HCMV is transmitted by close contact via body fluids 

such as tears, saliva, urine, semen, or breast milk, causing primary infection in the mucosal 

epithelium (Figure 4). The outcome of infection depends on its broad target cell range, where 

fibroblasts serve as a replication platform, endothelial and hematopoietic cells facilitate 

systemic spread, and epithelial cells contribute to inter-host transmission. 
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Figure 4. Routes of HCMV transmission. HCMV is transmitted by body fluids such as tears, saliva, 
breast milk or urine. Indeed, saliva and urine of young children are major sources of the virus. HCMV 
can also be spread by organ transplantation, whole blood transfusion or sexual contact, as well as being 
vertically transmitted. Created with BioRender.com. 

Furthermore, as mentioned before, a hallmark of all herpesviruses is their capacity to establish 

latency and thus remain present over the lifetime of the host. In the case of HCMV, it establishes 

latency in myeloid cells of the bone marrow (reviewed in Reeves and Sinclair, 2008). During 

latency, HCMV enters a dormant state in which the viral genome is maintained in the nucleus 

as a chromatinized episome. This prevents the lytic gene promoter MIEP from driving IE gene 

expression through a repressive chromatin state and thus no new progeny is produced 

(reviewed in Dupont and Reeves, 2016; Elder and Sinclair, 2019). Latent infection leads to 

several sporadic productive reactivations that, depending on the host immune system status, 

can cause severe complications and also contribute to transmission when a seronegative 

individual comes into contact with body fluids of an infected individual.  

In immunocompetent individuals, HCMV infection is generally asymptomatic or causes only 

mild symptoms (Cohen and Corey, 1985). However, immunocompromised individuals are at 

high risk to develop HCMV-related diseases such as encephalitis, retinitis, pneumonitis, 

hepatitis and gastroenteritis (Figure 5A). Thus, HCMV infection continues to be an important 

opportunistic infection in AIDS patients and also the most common and serious opportunistic 

infection after solid organ transplantation (SOT) or hematopoietic stem cell transplantation 

(HSCT) (Boeckh and Nichols, 2004; Deayton et al., 2004; Atabani et al., 2012) (Figure 5B). It 

is estimated that approximately 78% of seropositive organ donors (D+) transmit HCMV to 

seronegative recipients (R-) in allografts. The D+/R- mismatch together with 

immunosuppressive therapy poses a high risk for the transplant recipient to develop severe 

CMV disease and may even lead to graft rejection (Meyers et al., 1986; Hutter et al., 1989; 

Zamora, 2004; Ramanan and Razonable, 2013).  
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Figure 5. HCMV pathogenesis. (A) HCMV infection can cause severe diseases, including encephalitis, 
retinitis, pneumonia, hepatitis or gastroenteritis, in immunosuppressed patients. (B) Groups at highest 
risk of developing HCMV-related diseases are AIDS patients, allograft recipients or hematopoietic stem 
cell transplant patients. SOT, solid organ transplantation; HSCT, hematopoietic stem cell transplantation. 
Created with BioRender.com. 

Another group of concern is pregnant women since HCMV can be transmitted vertically through 

the placenta, being the only herpesvirus capable of this (Fisher et al., 2000; Manicklal et al., 

2013). Indeed, HCMV is the leading cause of congenital viral infection worldwide and has been 

classified as the major contributor of congenital birth defects. The Center for Disease Control 

and Prevention (CDC) calculates that one in 200 infants is born with congenital HCMV (cCMV) 

infection worldwide. Approximately 10-15% babies infected in utero present clinical 

manifestations at birth. In addition, of asymptomatic newborns, 10-15% will develop long-term 

neurological sequelae during the first years of life. These include sensorineural hearing loss, 

microcephaly, vision abnormalities or developmental delays (Ramsay et al., 1991; Manicklal et 

al., 2013) (Figure 6). 

 

Figure 6. Congenital CMV infection. It is estimated that 1 in 200 babies is congenitally infected with 
HCMV, of which one in five will suffer long-term sequelae, such as microcephaly, hearing loss, vision 
abnormalities or developmental delays. Created with BioRender.com. 

To date, there is no approved vaccine against HCMV and the therapy focuses on the use of 

antiviral drugs (reviewed in Krishna et al., 2019; Perera et al., 2021). The gold standard 

treatments for active HCMV infection are ganciclovir (GCV) and its valine ester derivative 
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vanganciclovir (VGCV), which are delivered intravenously or orally, respectively. 

Mechanistically, they are nucleoside analogues (NAs) that are selectively monophosphorylated 

in HCMV infected cells by the virus-encoded protein kinase UL97 (Littler et al., 1992; Talarico 

et al., 1999) (see Figure 3). They exert their activity when triphosphorylated, inhibiting the viral 

DNA polymerase UL54 (Lischka and Zimmermann, 2008). Both NAs are very effective and 

highly recommended in the clinical praxis, despite inducing resistance mutations and causing 

toxicity. Consistent with the mode of action of these drugs, viral resistance mutations typically 

occur in genes encoding (i) the viral kinase UL97, failing to phosphorylate the NA, or (ii) viral 

DNA polymerase subunits, such as UL54, being unable to incorporate the phosphorylated drug 

into the DNA (Göhring et al., 2015). 

Second line antivirals against HCMV include cidofovir (CDV) and foscarnet (FOS). These are 

administered in the case of resistance to first line treatments, since they do not require initial 

activation by UL97 (Figure 3). Acyclovir (ACV) is also approved for the prevention of HCMV 

infection in the European Union. Similar to the gold standard treatments, these drugs 

preferentially inhibit the viral DNA polymerase UL54 over cellular DNA polymerases (Lischka 

and Zimmermann, 2008). However, their unfavorable toxicity profile keeps them reserved for 

second line therapy (Upadhyayula and Michaels, 2013).  

Given the rapidly emerging viral resistance, there is an urgent need to find HCMV-specific 

antiviral drugs that target components other than the viral DNA polymerase. Recently, 

letermovir has been approved by the American Food and Drug Administration (FDA), Canada 

and the European Union as a novel, prophylactic antiviral against HCMV for adult transplant 

recipients (Lischka et al., 2010; Goldner et al., 2011; Kim, 2018). Letermovir is highly specific 

for HCMV since it targets the viral subunit UL56 of the terminase complex (consisting of the 

subunits UL89, UL51, and UL56), which is important for cleaving the viral genome and 

packaging it into the viral capsid (Ligat et al., 2018). It has proven high clinical and biological 

tolerability, presenting fewer side effects than other approved HCMV antivirals, probably due 

to the lack of any mammalian homologue of UL56. It can be administered both orally and 

intravenously. Moreover, Maribavir (MBV) is another promising anti-HCMV compound. 

Administered orally, MBV targets the viral kinase UL97, which is required for the formation of 

the viral assembly compartment within the cell, and the correct viral tegumentation and release 

(Biron et al., 2002; Goldberg et al., 2011). 

In addition, as mentioned above, there is an urgent need to develop new strategies to target 

latent reservoirs, as they cannot be eliminated by the currently available antiviral drugs. For 

instance, some studies propose “kick and kill” or the “block and lock” strategies (reviewed in 

Perera et al., 2021). The “block and lock” approaches aim to inhibit viral reactivation and keep 

the latent reservoir suppressed, with the drawback that reactivation inhibitors may require a 

long course of treatment (Nehme et al., 2019). On the contrary, the “kick and kill” strategies are 

based on temporarily forcing the reactivation of the virus to allow the detection of latently 
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infected cells by the immune system. These strategies include the use of epigenetic inhibitors 

such as histone deacetylase inhibitors (HDACis) or bromodomain and extraterminal protein 

inhibitors (I-BETs). Recently, these showed promising results and are being examined further 

as possible treatments in vivo (Groves et al., 2021). However, to reduce side effects derived 

from targeting important cellular functions, it would be desirable to specifically target a viral-

encoded gene or antigen expressed during latency or exploit the phenotypic differences 

presented in latently infected cells. 

The race to develop vaccines against HCMV started decades ago, and is considered a high 

priority, but unfortunately none of the candidates have been licensed to date (Arvin et al., 2004). 

One of the major challenges in vaccine development might be to establish which immune 

responses are required to control and confer immunity against HCMV, since superinfections 

with HCMV have been observed in already latently infected individuals (Hansen et al., 2010; 

Krishna et al., 2019). Understanding these immune responses and identifying ways to raise 

them with a vaccine are key points for future research. Moreover, investigation of antibody 

responses has served as a basis for immunotherapies. For instance, the use of neutralizing 

therapeutic monoclonal antibodies has been tested in clinical trials, but so far, the outcomes 

demonstrated only modest effects (Ishida et al., 2017). 

Overall, the combination of prophylactic treatment using antivirals against HCMV, the organ 

transplant matching, and control of viremia by PCR have markedly decreased the incidence of 

HCMV disease. All of that now adds up to promising initial results in a number of studies on 

potential translation into clinical therapies targeting the latent reservoir of HCMV, especially in 

the transplant setting. Nevertheless, HCMV continues to be a major public health threat and, 

consequently, the development of an effective vaccine against this pathogen is considered a 

public health priority (reviewed in Plotkin and Boppana, 2019). 

1.2.1. The HCMV genome and the RL11 family 

HCMV genome is 235 ± 1.9 kbp in length and displays a coding capacity that exceeds that of 

most other Herpesviridae members, able to encode more than 200 proteins (Stern-Ginossar et 

al., 2012). In addition, HCMV encodes four major polyadenylated non-coding RNAs (RNA1.2, 

RNA2.7, RNA4.9, and RNA5.0), as well as non-polyadenylated RNAs such as microRNAs with 

a regulatory role, and an extensive alternate mRNA splicing (Zhang et al., 2020). More than 

70% of the HCMV genome codifies for proteins that are non-essential for viral growth, so they 

may be related to other functions in infection and pathogenesis such as cellular tropism or viral 

evasion (Dunn et al., 2003; Miller-Kittrell and Sparer, 2009). The HCMV genome is composed 

of a unique long (UL) and a unique short (US) region, each flanked by inverted repeats, named 

terminal (TR) or internal (IR) based on their position, giving the overall genome configuration 

as TRL-UL-IRL-IRS-US-TRS, represented in Figure 7A (Davison et al., 2003a; Murphy and 

Shenk, 2008). 
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Classical HCMV strains can be classified as low-passage or high-passage strains. The former 

are clinical isolates of the virus that have been minimally passaged in fibroblasts and include 

strains such as Merlin, TB40/E, and Toledo. The latter are so-called laboratory strains that have 

been extensively passaged and adapted to growth in fibroblasts, with AD169 and Towne being 

the most commonly used. The genomes of high-passage strains have undergone 

rearrangements during passage in cell culture, resulting in substantial alterations and loss of 

virulence (Rowe et al., 1956; Plotkin et al., 1975). For instance, AD169 and Towne have 

acquired large deletions (15 kbp and 13 kbp, respectively) at the internal end of the UL region, 

known as the UL/b′ sequence, thus missing genes ranging from UL133 to UL154. In addition, 

they present defects elsewhere in genes that are dispensable for growth in fibroblasts (Cha et 

al., 1996; Davison et al., 2003a; Bradley et al., 2009), in agreement with recent observations 

on the lack of genes essential for viral replication in distal regions of the genome (Hein and 

Weissman, 2022). For a genome annotation representation of the HCMV Towne strain, see 

Figure 7B.  

 

Figure 7. HCMV genome organization. (A) Schematic diagram of the sequence arrangement in the 
HCMV genome. The viral genome is composed of a unique long (UL) and a unique short (US) region, 
flanked by terminal (TR) and internal (IR) repeats. (B) Schematic representation of the HCMV genome 
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(Towne strain) showing the relative position of each open reading frame (ORF) in scale (kbp) relative to 
the left end of the genome, based on Dunn et al. (2003) and modified using accession number 
FJ616285.1. Non-coding RNAs were annotated (in green) and the RL11 gene family is depicted in 
orange. Dashed lines represent splicing junctions.  

The HCMV genome contains various gene families, including RL11, UL14, UL18, UL25, UL82, 

UL120, US6, US7, US12, and US22. The RL11 gene family of HCMV consists of a group of 14 

genes located at the 5’ end of the UL region of the HCMV genome that share some common 

characteristics (Chee et al., 1990) (Figure 7B). This family contains eleven genes present only 

in human and chimpanzee cytomegaloviruses (RL11, RL12, RL13, UL4, UL5, UL6, UL7, UL8, 

UL9, UL10, and UL11), and three genes only present in HCMV (UL1, RL5A, and RL6). 

Members of the RL11 family present an RL11 domain (RL11D) as a common feature (Davison 

et al., 2003b) (depicted in Figure 8A). The RL11D encodes for a distinctive key motif that 

resembles a domain shared by some members of the immunoglobulin superfamily. It consists 

of a region of variable length of between 65 and 82 residues formed around three conserved 

amino acid residues (one tryptophan and two cysteines), including several potential N-linked 

glycosylation sites (Chee et al., 1990; Davison et al., 2003b). In addition to the RL11D, most of 

the RL11 family members have been identified as membrane-associated glycoproteins with a 

predicted signal peptide (Figure 8A), with a few exceptions. For instance, UL4, RL5A, and RL6 

proteins lack the transmembrane domain, and UL5 and UL8 are N-terminally truncated, lacking 

the characteristic signal peptide as well as the RL11D (Chang et al., 1989b; Davison et al., 

2003b).  

 

Figure 8. Schematic representation of the UL4-UL5 locus of HCMV. (A) Schematic representation 
of a prototypical member of the RL11 family of HCMV. The locations of the signal peptide, RL11D, and 
the transmembrane domain are marked with the indicated colors. (B) Localization of UL4 and UL5 ORFs 
within the HCMV genome (marked with a dashed line). This region codes for UL4-UL5 transcripts 
(represented as long arrows), encoding the early UL4 and UL5 proteins (depicted in blue), and shorter, 
late monocistronic transcripts (short arrows) translating for the short isoform of UL5 (in orange). Sizes of 
the transcripts are indicated in kilobase pairs, kbp. 
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In 1989, three UL4 transcripts were identified in the UL4 region of the high-passage Towne 

strain, regulated by three inducible promoters: two following early kinetics (1.5 and 1.7 kbp) 

and one shorter transcript with late kinetics (1.4 kbp) (Chang et al., 1989a; Chang et al., 1989b). 

Almost twenty years later, in 2007, Zhang and colleagues (2007) referred to a transcriptional 

unit in the UL4-UL5 gene region after finding that these three transcripts were overlapping the 

UL5 sequence sharing the same 3’ end, but different 5’ ends. In 2015, the three UL4 transcripts 

were confirmed in an HCMV low-passage clinical isolate (designated as strain H), and two 

novel low abundant UL5 transcripts (of 560 bp and 680 bp) were identified during the late phase 

of the viral replication cycle (Zhang et al., 2007; Gao et al., 2015) (Figure 8B). The UL4 open 

reading frame (ORF) encodes for a 17 kDa early envelope-associated glycoprotein (known as 

gp48 or UL4) that contains N-glycosylation sites (Chang et al., 1989b). The UL5 ORF encodes 

two different forms of the non-glycosylated UL5 protein that share the same C-terminus: a 

19 kDa protein with early expression and a shorter isoform of 9 kDa that stems from an internal 

ATG within the UL5 coding sequence and falls into a late kinetics category (Anselmi et al., 

2020) (Figure 8B). The transcriptional unit containing UL4 and UL5 is found in an IE/E phase 

(Gao et al., 2015) and it has the capacity to code for UL4 and the long isoform of UL5.  

The biological function of the RL11 family members is only poorly understood, but several 

studies suggest that these membrane-associated proteins may be involved in immune evasion 

(Davison et al., 2003b) since they are largely dispensable for virus growth in cultured fibroblasts 

(Ripalti and Mocarski, 1991; Takekoshi et al., 1991). For instance, RL11 (gp34), RL12 (gp95), 

and RL13 are receptors for the Fc-domain of immunoglobulin G (IgG) and, therefore, may play 

a role in HCMV immune evasion by inhibiting IgG-mediated immunity (Lilley et al., 2001; Atalay 

et al., 2002; Cortese et al., 2012; Corrales-Aguilar et al., 2014). The UL4-encoded gp48 is a 

structural protein incorporated into the virion but a role during HCMV infection has not been 

revealed so far (Chang et al., 1989b). Recently, a possible involvement for the UL5 protein 

during late HCMV infection has been proposed (Anselmi et al., 2020). The long UL5 early 

isoform interacts with the cellular scaffold protein IQ motif-containing GTPase activating 

protein 1 (IQGAP1), which is involved in the modulation of the actin cytoskeleton, as well as 

tight junction control and exocytosis (White et al., 2012; Tanos et al., 2018). These findings 

shed light on the possibility that UL5 interacts with the cellular protein IQGAP1 to modulate or 

rearrange the cellular cytoskeleton for gaining efficiency in viral assembly and/or egress from 

the host cell. Previous studies support this idea by demonstrating IQGAP1 to be a target for 

intracellular pathogens, e.g., Salmonella typhimurium or Ebola virus, to gain entry or egress 

from the host cell, respectively (Kim et al., 2011; Lu et al., 2013). 
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1.3. Review: Innate immune responses against herpesviruses and evasion 

mechanisms directed at IFN-stimulated genes 

The innate immune system represents the first line of defence and it is constituted by several 

proteins whose function is to detect and fight against invading microorganisms. For this 

purpose, host cells are equipped with a variety of sensors, known as pattern recognition 

receptors (PRRs) that rapidly detect pathogens through specific ligands called pathogen-

associated molecular patterns (PAMPs) (Mogensen, 2009). PRRs are classified into three 

different classes: (1) cytosolic retinoic acid inducible gene I (RIG-I)-like receptors (RLRs), (2) 

DNA sensors like cyclic GMP-AMP synthase (cGAS) or (3) Toll-like receptors (TLRs) localized 

at the plasma membrane or in endosomes. After binding to their respective ligands, PRRs 

induce downstream signalling via specific adaptor proteins and kinases, which culminates in 

the activation of the transcription factors nuclear factor kappa-light-chain-enhancer of activated 

B cells (NF-κB) and interferon-regulatory factors (IRFs) (reviewed in Chen et al., 2016) 

(Figure 9). Nuclear translocation of NF-κB and IRFs leads to the transcription of genes 

encoding for non-canonical interferon-stimulated genes (ISGs), proinflammatory cytokines and 

type I interferon (IFN), which plays a crucial role in viral infection control. 

 

Figure 9. Schematic representation of the PRR-mediated innate immune response. The different 
PRRs RIG-I, cGAS, or TLRs (depicted in green) recruit their respective adaptor proteins MAVS, STING, 
or MyD88 (in purple), leading to the activation of the transcription factors NF-κB and IRFs (in orange). 
After translocation into the nucleus, these transcription factors induce type I IFN, proinflammatory 
cytokines and non-canonical ISGs. Secretion of IFN leads to binding and activation of the IFNAR and 
eventually, expression of canonical ISGs. 
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After secretion, IFN binds to and activates the interferon-α/β receptor (IFNAR) located on the 

plasma membrane, leading to the phosphorylation and activation of the transcription factors 

signal transducers and activators of transcription, STAT1 and STAT2. Recruitment of IRF9 

forms a complex, known as interferon-stimulated gene factor 3 (ISGF3), that will translocate 

into the nucleus and induce the expression of canonical ISGs, which can directly inhibit viral 

replication (Figure 9). For instance, in the case of HCMV, infection leads to the upregulation of 

a distinct set of ISGs during the first 24 hours, such as zinc finger antiviral protein (ZAP), 

interferon-induced 35 kDa protein (IFI35), N-myc (and STAT) interactor (NMI), and interferon-

induced protein 44 (IFI44) (Weekes et al., 2014). These ISGs will be introduced in Sections 1.4 

and 1.5. 

As a consequence, viruses have developed strategies to block the type I IFN response and/or 

ISG functions, or even use these antiviral defence systems for their own benefit. Their large 

coding capacity and long co-evolution with their hosts have turned herpesviruses into a key to 

understanding the impact of ISGs during viral infection. Hence, in this section the antiviral role 

of selected ISGs during human herpesviral infections is revised, as well as the different 

strategies that herpesviruses have evolved directed to ISGs.  
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Introduction 

The Herpesviridae is a family of large, structurally complex viruses with double-stranded DNA 

genomes. This family is classified into three subfamilies according to biological and genomic 

similarities: alphaherpesvirinae, betaherpesvirinae and gammaherpesvirinae (Pellett and 

Roizman, 2013). Several viruses with significant medical relevance are represented in this 

family, which cause a series of maladies ranging from cold sores or fever blisters to a variety 

of human cancers. A distinctive feature of herpesviruses is their ability to establish lifelong latent 

infections, with infected individuals serving as reservoirs from which period reactivation leads 

to continual and anew transmission to naive hosts. 

Herpesviruses are known for the impressive toolbox they have evolved to circumvent the host's 

immune response. Throughout the lifelong coexistence with their hosts, herpesviruses 

antagonise the immune response at every level: the signalling pathways downstream of pattern 

recognition receptors (PRR) (reviewed in Liu et al., 2019; Stempel et al., 2019) and the IFNα/β 

receptor (IFNAR) (Zimmermann et al., 2005), Natural Killer cell responses (reviewed in De 

Pelsmaeker et al., 2018), the complement system (reviewed in Stoermer and Morrison, 2011) 

and the adaptive immune response (reviewed in Smith and Khanna, 2013). However, our 

understanding of the interplay between herpesviruses and the interferon-stimulated gene (ISG) 

network is only in its infancy. So far, more than 380 human ISGs, with their functions ranging 

from sensors, cytokines or transcription factors, to proapoptotic proteins or negative regulators, 

have been tested for their ability to inhibit the replication of a panel of RNA viruses, revealing 

that different viruses are targeted by unique sets of ISGs (Schoggins et al., 2011). Such a 

screen has not been performed for the different members of the Herpesviridae, however, recent 

studies have identified multiple herpesviral antagonists that target ISGs, showcasing the 

importance of ISGs in combating herpesviral infection.  

In this review, we will discuss the current knowledge regarding the complex interaction between 

ISGs and human herpesviruses and highlight how each subfamily of human herpesviruses has 

evolved unique mechanisms to counteract ISGs or, in some cases, even exploit ISGs to the 

advantage of the virus.  

How it all starts: ISGs enter the game 

The DNA sensing pathway mediated by the PRR cyclic GMP-AMP synthase (cGAS) and 

gamma-interferon-inducible protein 16 (IFI16) is crucial for the initial immune response to 

herpesviral infection in many cell types (Ablasser et al., 2013; Li et al., 2013; Wu et al., 2015; 

Paijo et al., 2016). The DNA sensors cGAS and IFI16 bind to viral and aberrantly localised 

cellular DNA. This interaction activates a signalling cascade through the adaptor protein 

stimulator of interferon genes (STING) and TANK-binding kinase 1 (TBK1), thereby activating 

the transcription factors interferon regulatory factor 3 (IRF3) and nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB) (reviewed in Chen et al., 2016). This leads to the 
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induction of type I interferons (IFN), which exert their activity in an autocrine and paracrine 

manner. By binding to the interferon-α/β receptor (IFNAR), these cytokines lead to 

phosphorylation and activation of the transcription factors signal transducers and activators of 

transcription, STAT1 and STAT2, recruiting IRF9 into the complex which then translocates to 

the nucleus, resulting in ISG expression (reviewed in Schneider et al., 2014). Another class of 

ISGs, known as non-canonical ISGs, are activated directly by IRF3 in the absence of type I IFN 

(Schoggins et al., 2014). For a third class of proteins classified as ISGs, the presence of IRF3 

or type I IFN is not an absolute prerequisite for their expression, since they are already 

expressed basally or their expression is induced by other pathways, i.e. NF-κB signalling 

(reviewed in Schoggins, 2019). Thus, due to this complexity and the wide range of functions 

that ISGs can exert, studying how herpesviruses manipulate ISGs to their advantage serves 

as a window into a greater understanding of the myriad of ISGs and their role in innate 

immunity. Similar to the studies on ISGs and RNA viruses (Schoggins et al., 2011), studies 

identifying how herpesviruses inhibit or exploit the function of ISGs may reveal the essential 

nature of the role these ISGs play in viral defense.  

When herpesviruses win: escaping the antiviral effects of ISGs 

Herpes simplex virus 1 

Herpes simplex virus 1 (HSV-1) belongs to the Alphaherpesvirinae subfamily. HSV-1 

establishes a primary infection in mucosal epithelia and a latent infection in the ganglia of 

sensory nerves. This infection, as in the case of all herpesviruses, can be asymptomatic, but it 

may also present as acute gingivostomatitis. However, HSV-1 can lead to serious illnesses like 

ophthalmic infections, meningitis or encephalitis (Pellett and Roizman, 2013). Recently, HSV-

1 has also been associated as a major risk factor for Alzheimer´s disease (Itzhaki, 2018).  

Targeting DNA sensing: ICP0 degrades the ISG IFI16 

Herpesviruses replicate in the nucleus of their host cells. The ISG IFI16 is a cellular DNA sensor 

localized in the nucleus of many cell types (Unterholzner et al., 2010; Duan et al., 2011; 

Veeranki and Choubey, 2012; Jonsson et al., 2017). In 2012, Orzalli and colleagues 

demonstrated that HSV-1 targets the IFI16 protein (Orzalli et al., 2012). During infection, when 

HSV-1 expresses the immediate-early viral protein ICP0 in the nucleus of human foreskin 

fibroblasts (HFF), IFI16 undergoes a change in its location and is continuously degraded. 

However, another study found that the expression of ICP0 alone is neither sufficient nor 

necessary for degradation of IFI16 in the tumor-derived cell line U-2 OS, since infection with 

an ICP0-null mutant still resulted in IFI16 degradation (Cuchet-Lourenco et al., 2013). A follow-

up study by Orzalli and colleagues clarified this discrepancy by showing that IFI16 protein levels 

decrease upon HSV-1 infection in HFF, keratinocytes (NOK), and HeLa cells, but not in the U-

2 OS cell line, and additionally discovered that ICP0 is not the only protein involved in IFI16 

degradation (Orzalli et al., 2016) (Table 1 and Figure 1). This suggests that the role of ICP0 for 
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IFI16 degradation is dependent on the cell type and other cellular or viral factors contributing 

to IFI16 stability (Kalamvoki and Roizman, 2014).  

Degrading ISG mRNA: UL41 counteracts ZAP and IFIT3 

The HSV-1 tegument protein UL41, also known as virion host shutoff (vhs) protein, is an 

endoribonuclease that degrades mRNA (Everly et al., 2002; Page and Read, 2010). It is 

proposed that viral and cellular mRNAs containing AU-rich elements (ARE) in the 3’-

untranslated region (3’-UTR) are the preferred target for UL41 (Esclatine et al., 2004; Taddeo 

and Roizman, 2006). Since ARE regions are frequently present in transcripts connected to the 

immune response, including interferons and chemokines (Bakheet et al., 2001), UL41 could 

potentially target a broad spectrum of transcripts. To date, the zinc finger CCCH-type antiviral 

protein 1 (ZAP) and the ISG interferon-induced protein with tetratricopeptide repeats 3 (IFIT3) 

are two ISGs that contain ARE in their 3’-UTR which have been shown to be incapacitated by 

UL41 (Figure 1). 

The zinc finger CCCH-type antiviral protein ZAP is a non-canonical ISG (Schoggins et al., 

2014), meaning that its expression can also be induced in the absence of type I IFN production. 

ZAP exerts antiviral activity against a diverse range of viruses such as retroviruses, 

alphaviruses, filoviruses, hepatitis B virus and Japanese encephalitis virus by binding to RNA 

and indirectly mediating its degradation (Bick et al., 2003; Muller et al., 2007; Zhu et al., 2011; 

Mao et al., 2013; Takata et al., 2017; Chiu et al., 2018). However, ZAP fails to control other 

viruses, e.g. influenza A virus (Liu et al., 2015; Tang et al., 2017) or enterovirus A71 (Xie et al., 

2018b). 

In the case of HSV-1, ectopic expression of both rat and human forms of ZAP does not affect 

HSV-1 infection (Bick et al., 2003), which suggested that a viral antagonist may counteract the 

antiviral activity of ZAP. Accordingly, a luciferase-based assay in 293T cells identified the HSV-

1 UL41 protein as a ZAP antagonist (Su et al., 2015). In accordance with previous observations 

regarding the nuclease activity of UL41, this viral protein was shown to degrade ZAP mRNA 

during HSV-1 infection. Correspondingly, growth of a mutant virus lacking UL41 expression 

was impaired in the presence of ZAP (Su et al., 2015). 

Similarly, IFIT3 was reported to have no effect on HSV-1 infection (Jiang et al., 2016). As for 

ZAP, human IFIT proteins with the family members IFIT1, IFIT2 and IFIT3 belong to the 

subgroup of non-canonical ISGs (Schoggins et al., 2014). IFIT3 mediates the association of 

TBK1 with mitochondrial antiviral-signalling protein (MAVS) at the mitochondria (Liu et al., 

2011), enhancing the MAVS-TBK1 signalling axis. Notably, IFIT3 inhibits the replication of 

HSV-1 lacking UL41 expression, underlining the importance of UL41 in evading the antiviral 

effect of IFIT3. The authors showed that UL41 degrades IFIT3 mRNA, but not that of IFIT1 or 

IFIT2 (Jiang et al., 2016), indicating that HSV-1 may specifically target IFIT3 to prevent the 

MAVS-TBK1 association, thus suppressing downstream signalling.  
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Figure 1. Herpesviruses use a variety of strategies to manipulate ISGs. Viral proteins can interfere with 
protein expression and stability of ISGs, inhibit signaling pathways exerted by ISGs or, in some cases, 
exploit ISGs for their own benefit. Viral proteins are depicted in red, while ISGs are shown in green.  
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Human cytomegalovirus 

Human cytomegalovirus (HCMV), also called human herpesvirus 5 (HHV-5), is a member of 

the Betaherpesvirinae subfamily. HCMV usually causes only mild disease in immunocompetent 

individuals. However, in immunosuppressed individuals such as AIDS or transplant patients, 

HCMV infection can cause severe complications (Arvin and National Center for Biotechnology, 

2007). HCMV infection during pregnancy can cause long-term sequelae in newborns, such as 

hearing loss, vision abnormalities, microcephaly or global development delays.  

Targeting DNA sensing: UL83 hijacks the ISG IFI16 

HCMV, as for HSV-1, interferes with DNA sensing by targeting IFI16 via the UL83 encoded 

tegument protein pp65. Upon HCMV infection, IFI16 is activated in the nucleus and undergoes 

oligomerisation, which is a prerequisite for it to promote the immune response (Figure 1) 

(Cristea et al., 2010; Li et al., 2013). Accordingly, siRNA-mediated silencing of IFI16 dampens 

cytokine transcription in response to HCMV infection (Li et al., 2013). However, UL83 prevents 

IFI16 oligomerisation, thus disarming the antiviral effect of IFI16 during HCMV infection (Figure 

1) (Li et al., 2013). UL83 even goes a step further in its manipulation of host responses: it 

exploits the binding capacity of IFI16 to DNA in order to form a complex with the major 

immediate early promoter (MIEP) of HCMV, thereby triggering viral transcription in the early 

stages of infection (Figure 1) (Cristea et al., 2010; Biolatti et al., 2016). In this manner, UL83 

not only prevents the antiviral activity of IFI16 but also hijacks it to promote HCMV gene 

expression (Table 1). This viral protein serves as a stellar example of the resourcefulness of 

herpesviruses in encoding a protein that can simultaneously inhibit a host antiviral strategy 

while exploiting this same host response factor to promote its own replication. 

Fooling the type I IFN response: UL23 inhibits ISG transcription by targeting the 

ISG NMI 

The ISG N-myc interactor (NMI) interacts with all STATs, except STAT2, and enhances the 

recruitment of co-activators, such as the transcription factors CREB-binding protein 

(CBP)/p300, to the STAT complex. NMI specifically modulates IFN-induced signalling to foster 

efficient STAT-dependent transcription (Zhu et al., 1999). Recently, the HCMV tegument 

protein UL23 was reported to inhibit the transcription of ISGs by targeting NMI. Through a yeast 

two-hybrid screen, NMI was identified as an interacting partner of UL23, which was confirmed 

by co-immunoprecipitation in HCMV-infected U251 cells (Feng et al., 2018). Using a 

combination of immunofluorescence, cell fractionation and immunoblotting, the authors showed 

that the binding of UL23 to NMI disrupts its association with STAT1, thereby preventing the 

translocation of both proteins to the nucleus (Figure 1). Infection of U251 cells with an HCMV 

UL23-null mutant resulted in enhanced transcription of antiviral genes and controlled viral 

replication. 
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HCMV finds ways to avoid ISGylation: both UL26 and IE1 target ISG15 

Interferon-stimulated gene 15 (ISG15) encodes an ubiquitin-like protein that, in a similar way 

to ubiquitin, covalently conjugates to lysine residues, thereby regulating protein function (Jeon 

et al., 2010). ISG15 modification is known as ISGylation, which marks proteins for either 

degradation or stabilisation. ISG15 is one of the most abundantly produced transcripts upon 

induction of the type I IFN response (Der et al., 1998; Potter et al., 1999) and exerts antiviral 

effects against DNA and RNA viruses (Lenschow, 2010; Morales and Lenschow, 2013). 

HCMV infection induces ISG15 expression, which, through ISGylation, inhibits viral replication 

(Kim et al., 2016). HCMV employs two proteins with two separate strategies to evade this 

process (Figure 1). First, the viral immediate-early protein IE1 suppresses ISG15 transcription 

(Kim et al., 2016). However, this effect is only partial, and therefore some ISG15 protein is still 

expressed to carry out ISGylation, which is protected from the antagonistic activity of IE1. To 

counteract this remnant ISG15, HCMV expresses the tegument protein UL26, which reduces 

the accumulation of other viral ISGylated proteins by acting as a decoy for ISGylation itself (Kim 

et al., 2016). UL26 is known as an antagonist of the NF-κB pathway (Mathers et al., 2014), but 

ISGylated UL26 can no longer antagonise NF-κB signalling (Kim et al., 2016), suggesting that 

the virus sacrifices one of its own proteins to avoid ISGylation of other viral proteins. Why UL26 

is more prone to ISGylation compared to other viral proteins, and the impact of the loss of its 

effect on NF-κB signalling during HCMV infection remains unclear at this stage. This in turn 

raises the question of whether the dominant role of UL26 is to inhibit NF-κB signalling or to act 

as an ISGylation decoy, since these seem to be opposing functions.  

Targeting an essential player of the innate immune response: ORF94 against the 

ISG OAS1 

HCMV expresses several genes during latency to avoid immune recognition of infected cells 

(Jenkins et al., 2004; Cheung et al., 2009), the so-called CMV latency-associated transcripts 

(CLTs). These products are also expressed during lytic HCMV infection. HCMV ORF94 (also 

known as UL126a) is one such transcript, and its localization in the nucleus suggests a potential 

role in cellular gene regulation (White et al., 2000). ORF94 was shown to inhibit both the 

transcription and translation of the ISG 2'-5'-oligoadenylate synthetase 1 (OAS1) (Tan et al., 

2011). OAS1, together with OAS2, OAS3, OAS-like (OASL) and cGAS, forms the OAS family 

(Justesen et al., 2000). Upon detection of double stranded RNA (dsRNA), OAS1-3 proteins are 

activated and oligomerise ATP into 2’,5’-linked oligoadenylate products (2-5A). This leads to 

the activation of endoribonuclease L (RNase L), which in turn degrades viral and cellular RNA. 

Thus, expression of HCMV ORF94 reduces OAS mRNA and protein levels and consequently 

the formation of 2-5A during productive infection in human fibroblasts (Figure 1) (Tan et al., 

2011). However, as ORF94 is expressed in both the productive and latent phases of HCMV 

infection, it could potentially contribute to latency by modulating the immune response, which 

would be an intriguing avenue of further research. 
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Virus Strain 
Viral 

antagonist 
Target 

ISG 
Cell type Viral evasion strategy Reference 

HSV-1 

KOS ICP0 IFI16 HFF degrades IFI16 Orzalli et al., 2012 

17+ ICP0 IFI16 U-2 OS does not degrade IFI16 
Cuchet-Lourenco et al., 

2013 

KOS, 17, F 
UL41 
(vhs) 

IFI16 
HFF 

NOK, HeLa, 
U-2 OS 

ICP0 degrades IFI16 in a cell-type specific manner; 
UL41 also reduces protein levels of IFI16 (presumably 

by RNA degradation) 
Orzalli et al., 2016 

F UL41 ZAP 
293Trex-
hZAPL/S 

degrades ZAP mRNA through its endoribonuclease 
activity, preferentially binds ARE motifs 

Su et al., 2015 

F UL41 IFIT3 293T 
decreases IFIT3 expression levels by degrading IFIT3 

mRNA, does not target IFIT1 or IFIT2 
Jiang et al., 2016 

HCMV 

AD169 

UL83 
(pp65) 

IFI16 HFF 

interacts with IFI16 to block its oligomerisation and 
prevents signalling; promotes transcription of immediate 
early genes by exploiting the binding capacity of IFI16 

to DNA 

Li et al., 2013 

TB40/E Biolatti et al., 2016 

AD169 Cristea et al., 2010 

Towne 
(BAC-

derived) 
UL23 NMI U251 

inhibits ISG transcription by binding to NMI and 
disrupting its association with STAT1 

Feng et al., 2018 

Towne 
IE1 

(UL123) 
ISG15 HF 

inhibits HCMV-induced ISG15 expression and thereby 
prevents ISGylation 

Kim et al., 2016 

AD169 UL26 ISG15 HF 
reduces the accumulation of ISGylated proteins by 

acting as a decoy target for ISG15 
Kim et al., 2016 

Towne 
ORF94 

(UL126a) 
OAS1 HF 

inhibits mRNA and protein expression of OAS1, leading 
to reduced viral RNA degradation 

Tan et al., 2011 

KSHV 

iSLK.219 
harbouring 

rKSHV.219* 
vIRF1 ISG15 

293, 293-TLR, 
BCBL PEL, 
iSLK.219 

reduces ISGylation of cellular target proteins, leading to 
IRF3 instability and decreased ISG transcription; acts 

as a decoy target for ISG15 
Jacobs et al., 2015 

HuARLT2 
harbouring 

rKSHV.219* 
ORF20 OASL 

293T, HeLa, 
HFF, HuARLT2-

rKSHV.219 

ORF20 and OASL interact; ORF20 increases RIG-I 
dependent OASL expression; OASL and ORF20 

concomitantly enhance KSHV infection 
Bussey et al., 2018 

Table 1. Viral antagonists of interferon-stimulated genes (ISGs). The studies marked with an asterisk (*) used iSLK or HuARLT2 cells that were latently infected 

with recombinant rKSHV.219 (Vieira and O'Hearn, 2004; Myoung and Ganem, 2011; Lipps et al., 2017)
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Kaposi’s sarcoma-associated herpesvirus 

Kaposi’s sarcoma-associated herpesvirus (KSHV), also called human herpesvirus 8 (HHV-8), 

belongs to the Gammaherpesvirinae subfamily. KSHV is one of the seven known human 

oncoviruses. It can cause multiple malignancies, namely Kaposi’s sarcoma, primary effusion 

lymphoma, multicentric Castleman’s disease, or KSHV inflammatory cytokine syndrome 

(Chang et al., 1994; Ablashi et al., 2002; Ganem, 2006). 

Targeting ISGylation: vIRF1 and ISG15 

KSHV encodes four viral homologs of cellular interferon regulatory factors (vIRFs) (Jacobs and 

Damania, 2011). In 2013, Jacobs and colleagues showed that vIRF1 inhibits the type I IFN 

response (Jacobs et al., 2013). By performing affinity purification coupled to mass spectrometry 

with cells expressing vIRF1 and in which TLR3 signalling was activated, the authors identified 

the cellular ISG15 E3 ligase, HERC5, as an interaction partner of vIRF1 (Jacobs et al., 2015). 

HERC5 interacts with the C-terminus of vIRF1. Moreover, vIRF1 reduces total ISG15 

conjugation levels on cellular target proteins, which in turn inhibits IRF3 function as it relies on 

ISGylation for stabilisation (Figure 1) (Shi et al., 2010). Additionally, siRNA-mediated 

knockdown of ISG15 or HERC5 increases KSHV replication upon reactivation. Therefore, it is 

possible that vIRF1 negatively regulates ISGylation by interacting with HERC5, leading to a 

decrease in IRF3 stability and reduced transcription of ISGs. Interestingly, the authors 

observed by immunoprecipitation that vIRF1 is conjugated to ISG15 at multiple sites, 

suggesting a role as a viral ISGylation target similar to the HCMV protein UL26 (Kim et al., 

2016), which may reflect a conservation of this function between herpesvirus subfamilies. 

While KSHV vIRFs inhibit IFN signalling, type I IFN is not always detrimental for herpesviruses 

as it plays an important role for the maintenance of latency (Zhang et al., 2004; De Regge et 

al., 2010; Dag et al., 2014; Holzki et al., 2015). In line with these findings, vIRF2 has been 

recently described to manipulate the innate immune response. vIRF2 regulates the expression 

of 51 genes known to be involved in innate or intrinsic defences, boosting the formation of the 

antiviral cellular state to restrict KSHV early lytic protein expression and promote latency (Koch 

et al., 2019). This is an intriguing illustration of the fine-tuned balance between herpesviruses 

and their host, which dictates the outcome of the infection course. 

Profiting from ISGs: ORF20 fancies the ISG OASL 

The OAS family member OASL shares a highly conserved N-terminal OAS-like domain with 

the OAS enzymes, but it lacks enzymatic activity and has a unique C-terminus composed of 

two ubiquitin-like domains (Hartmann et al., 1998). In addition, OASL binds dsRNA (Ibsen et 

al., 2015). OASL was identified as an ISG with targeted, but not broad antiviral specificity 

against a variety of RNA viruses (Schoggins et al., 2011; Schoggins et al., 2014). Its role for 
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HSV-1 is more controversial - while one study observed no role for OASL on HSV-1 replication 

(Marques et al., 2008), another reported that OASL inhibited HSV-1 (Zhu et al., 2014). 

We showed that the KSHV protein ORF20 interacts with OASL, presumably in the nucleoli 

given their subcellular localization (Bussey et al., 2018). Interestingly, stable expression of 

OASL enhances KSHV replication in an ORF20-dependent manner (Figure 1). Since both 

proteins interact with ribosomal proteins and co-sediment with ribosomal subunits, which are 

involved in the formation of active ribosomal complexes, ORF20 may manipulate OASL so that 

KSHV can seize control of the host translational machinery. However, further studies are 

needed to understand the mechanism by which KSHV ORF20 usurps OASL. It is worth noting 

that the expression of ORF20 in 293T cells specifically enhances OASL mRNA and protein 

levels. This may be congruent with the observation of a recent study that OASL negatively 

affects the DNA-binding ability of the DNA sensor cGAS (Ghosh et al., 2019), which is a crucial 

sensor of KSHV infection (Wu et al., 2015). Thus, enhanced levels of OASL during lytic KSHV 

replication may inhibit cGAS-mediated activation of the innate immune response and therefore 

provide a more conducive environment for infection. 

Final Remarks 

The complex interaction between herpesviruses and their host is essential for the outcome of 

infection. In the case of ISGs, understanding the mechanisms by which herpesviruses 

manipulate these effectors gives an insight into both how viruses establish lifelong infections 

and the role that ISGs play in immune defense. The importance of ISGs for antiviral defense is 

indisputable, given that IFNAR knockout mice readily succumb to infection with herpesviruses 

(Strobl et al., 2005; Lenschow et al., 2007; Rasmussen et al., 2007). Interestingly, several 

studies reported only minor defects in mice lacking individual ISGs (Lenschow et al., 2007), 

supporting the notion that at least some ISGs may act in concert to exert their full effect, or the 

existence of ISGs with redundant functions. Moreover, a recent study revealed the complex 

network that ISGs create during viral infection, not just by binding to other ISGs, but also to 

many other cellular proteins (Hubel et al., 2019), adding an even greater level of complexity to 

the host immune response against infection. 

We have only just crossed the starting line to understanding whether certain ISGs are proviral 

or antiviral in the context of herpesviral infections. This investigation into the role and 

mechanism of action of ISGs is challenging. Overexpression studies may give some valuable 

insights into the function of these ISGs. However, since viral infections induce the expression 

of multiple ISGs that may cooperate, studies on a single ISG may not reflect reality or at least 

may not reveal the full potential of the individual ISG tested. Ideally, tagged, endogenously-

expressed ISGs would be used for co-immunoprecipitation studies in infected cells to identify 

viral and/or cellular binding partners of them. To expand on these studies, analysis of single 

and combined ISG knockouts will help to determine whether ISGs have a proviral role, an 
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antiviral role, or neither. Another point to consider is that some ISGs may have diverse functions 

in different cell types while other ISGs may be species-specific. 

Herpesviruses are a very valuable tool in the endeavor to uncover the role that ISGs play in 

antiviral defense as they are highly adapted and have likely developed multiple antagonists 

(Table 1). However, viral antagonists can be friend or foe: while the function of ISGs may only 

be revealed in the absence of viral antagonists, these opponents may be key to our greater 

understanding of how cellular defense is regulated. Through our bid to decipher the intricacies 

of this complex interplay between herpesviruses and the tailored ISG response to individual 

infections, we may uncover novel targeted therapies against these masters of immune escape 

and manipulation. 
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1.4. The zinc finger antiviral protein ZAP 

The zinc finger CCCH-type antiviral protein 1 (ZAP), also known as ZC3HAV1 or poly (ADP-

ribose) polymerase (PARP) family member 13 (PARP13), is encoded by the ZC3HAV1 gene, 

located on chromosome 7 of the human genome. ZAP is considered as a non-canonical ISG 

since its expression can be induced not only by type I IFN production but also in an IRF3-

dependent manner, due to the presence of both STAT and IRF3 binding sites in its promoter 

(Wang et al., 2010a; Schoggins et al., 2014).  

The ZC3HAV1 gene has been identified as a putative trans-species polymorphism (TSP) 

between humans and other primate species. TSPs result from the evolution of a genetic system 

under balancing selection (Klein et al., 1998). Examples of TSPs known to date between 

humans and other primate species involve genes with key functions in the immune system, 

underlining the importance of ZC3HAV1 in conferring genetic resistance to pathogens 

(Azevedo et al., 2015). 

1.4.1. The structure of ZAP 

There are at least four ZAP isoforms that originate from alternative splicing and polyadenylation 

(Li et al., 2019; Schwerk et al., 2019), with the short (ZAP-S) and the long (ZAP-L) isoforms 

being the most prominent ones.  

These two isoforms have been characterized for their antiviral function and present the highest 

expression levels. While expression of ZAP-S is induced by type I IFN, it has only a minimal 

effect on ZAP-L. Both ZAP-S and ZAP-L share the first 699 amino acids. They both present an 

N-terminal RNA-binding domain (RBD) equipped with four CCCH-type zinc finger motifs, each 

of them coordinating a zinc ion with three cysteines and one histidine (Gao et al., 2002; Jeong 

et al., 2010). Moreover, ZAP has an integrated central domain structure that contains a TiPARP 

homology domain (TPH), which is well conserved among ZAP paralogs and includes a fifth 

zinc finger motif (hereinafter referred to as ZnF5), and two WWE domains, which mediate 

specific protein-protein interactions in ubiquitin and ADP-ribose conjugation proteins (Aravind, 

2001; Katoh and Katoh, 2003) (Figure 10). ZAP binds to poly(ADP-ribose) through the central 

domain, undergoing a post-translational modification by active PARP proteins that seems 

important for ZAP optimal antiviral activity (Xue et al., 2022).  

ZAP-L presents an extended C-terminus of 186 amino acids, which is absent in the ZAP-S 

isoform and contains a catalytically inactive poly(ADP-ribose) polymerase (PARP)-like domain 

(Kerns et al., 2008) (Figure 10). Although the PARP-like domain lacks ADP-ribosyltransferase 

activity, it has gained importance in recent years due to its involvement in the antiviral activity 

of ZAP. The PARP-like domain in ZAP presents a signature of positive selection in primate 

evolution, suggesting a long history of ZAP actively participating in host-pathogen interactions 

(Kerns et al., 2008). Indeed, mutations of conserved amino acid residues in the NAD+ binding 
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site of the PARP-like domain, to potentially restore its catalytic activity, reduced viral restriction 

by ZAP-L (Gläsker et al., 2014). Moreover, at the C-terminal end of the PARP-like domain, 

there is a functional cysteine (CaaX) prenylation motif (Charron et al., 2013). The farnesyl 

modification on the cysteine residues of the CaaX motif increases the hydrophobicity of ZAP-L 

and, thus, its affinity for cellular membranes, localizing this isoform to endolysosomal 

membranes or the endoplasmic reticulum (ER) (Charron et al., 2013; Schwerk et al., 2019). 

 

Figure 10. Schematic representation of the protein domains for the long (ZAP-L) and the short 
(ZAP-S) isoforms. Both isoforms share an RBD in the N-terminal domain with four CCCH-type zinc 
finger motifs (highlighted in grey, expanding from amino acid 73 to 193), as well as a TPH domain 
containing a fifth zinc finger motif and two WWE domains. The C-terminal PARP-like domain containing 
a CaaX prenylation motif (indicated with a green arrow) is only present in ZAP-L. Lengths in amino acids 
(aa) are indicated to the right. TPH, TiPARP homology domain; PARP, poly(ADP-ribose) polymerase; 
CaaX, C: cysteine; aa: aliphatic amino acids; X: one of several amino acids. This figure was modified 
from Gonzalez-Perez et al. (2021). 

The PARP domain is very well conserved among members of the PARP family, in which at 

least eighteen different human PARPs can be found, including ZAP, known as PARP13 

(reviewed in Amé et al., 2004). The PARP family consists of a group of polymerases that exert 

important post-translational modifications in response to DNA damage, related to a variety of 

cellular processes, including chromatin remodeling, DNA repair, cell proliferation or cell death. 

PARPs exert their activity by catalyzing the transfer of one (mono-) or more (poly-) ADP-ribose 

(ADPr) from the co-substrate NAD+ to specific amino acid residues of target proteins. 

Additionally, the poly-ADPr-glycohydrolase (PARG) removes the poly-ADPr chain, but is not 

capable of removing the most proximal ADPr, which remains attached to the target protein. The 

only proteins that were found to reverse the mono-ADP-ribosylated proteins back to their 

unmodified condition are cellular macrodomains. Strikingly, several viruses encode 

macrodomains as a possible evolutionary mechanism to antagonize these post-translational 

modifications, highlighting its involvement in host responses (Alhammad and Fehr, 2020). 

1.4.2. ZAP exerts its antiviral activity to restrict a diverse range of viruses 

ZAP exhibits an antiviral activity against a wide range of viruses (reviewed in Ficarelli et al., 

2021). The antiviral activity of ZAP occurs through at least two mechanisms that could 

potentially be related: (a) direct binding to RNA and mediating its degradation (Guo et al., 2007; 

Zhu et al., 2011) and (b) repression or inhibition of translation, which may be a prerequisite for 

RNA degradation (Zhu et al., 2012) (Figure 11). ZAP targets RNA by binding to ZAP responsive 

elements (ZREs) (Guo et al., 2004). To date, ZAP was proven to degrade the target mRNA by 
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recruiting both the 5’ and 3’ mRNA degradation machinery (Figure 11A). On the one hand, after 

recognition of the ZRE, ZAP interacts with components of the 5’-3’ decay pathway. ZAP recruits 

the cellular decapping complex DCP1A-DCP2 and the 5’-3’ exoribonuclease Xrn1, likely 

through its interaction with the RNA helicase p72 (also known as DDX17), and thus initiates 

degradation of the target viral mRNA from the 5’ end. On the other hand, ZAP also interacts 

with and recruits the cellular poly(A)-specific ribonuclease (PARN), a deadenylase that 

shortens the poly(A) tail, followed by the exosome machinery to initiate degradation of the target 

mRNA from the 3’ end (Guo et al., 2007; Zhu et al., 2011). 

 

Figure 11. ZAP antiviral mechanisms to repress viral gene expression. ZAP binds to RNA and can 
either (A) recruit components of the 5’-3’ and 3’-5’ RNA degradation machinery or (B) repress translation 
of mRNA by inhibiting the interaction between the translation initiation factors eIF4A and eIF4G. 

ZAP not only mediates viral RNA degradation but also inhibits translation initiation (Figure 11B). 

Translation initiation involves recognition of the 5’ cap on mRNAs by the key proteins eukaryotic 

initiation factors (eIFs). For instance, the recognition by the eIF4F complex is essential, which 

consists of three initiation factors: the cap-binding protein eIF4E, the scaffold protein eIF4G, 

and the RNA helicase eIF4A (Jackson et al., 2010). ZAP interferes and prevents the interaction 

between eIF4A and eIF4G, inhibiting translational initiation (Zhu et al., 2012). Moreover, ZAP 

has been recently reported to bind to different subunits on the ribosome, which may contribute 

to its repressive activity on translation (Zimmer et al., 2021). 

ZAP antiviral activity was initially reported in 2002, when ZAP-S was found to inhibit the 

retrovirus murine leukemia virus (MLV) as identified through a cDNA library screening for host 

restriction factors against this RNA virus (Gao et al., 2002). Since its initial discovery as an 

antiviral factor, ZAP has been studied as a putative restriction factor for many other viruses. 

Most of the studies were performed in the context of RNA viruses, demonstrating its antiviral 

activity against alphaviruses (Bick et al., 2003), filoviruses (Muller et al., 2007), retroviruses 

(Zhu et al., 2011; Takata et al., 2017), orthomyxoviruses (Liu et al., 2015; Tang et al., 2017), 

flaviviruses (Chiu et al., 2018), and recently the pandemic severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) (Nchioua et al., 2020; Zimmer et al., 2021). 
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However, ZAP does not induce a universal antiviral state and fails to inhibit some viruses, even 

within the same family. For instance, within the Flaviviridae family, ZAP inhibits Japanese 

encephalitis virus (JEV) but does not control other flaviviruses such as yellow fever virus, 

dengue or Zika virus (Bick et al., 2003; Chiu et al., 2018). Similarly, overexpression of ZAP 

does not affect replication of other viruses such as vesicular stomatitis virus (VSV) or poliovirus 

(Bick et al., 2003). In other cases, viruses have evolved countermeasures against ZAP to avoid 

its antiviral activity. Examples are the picornavirus enterovirus A71, which cleaves ZAP through 

its 3C protease (Xie et al., 2018a), or influenza A virus (IAV) (Liu et al., 2015; Tang et al., 2017). 

Both main ZAP isoforms, ZAP-S and ZAP-L, endogenously restrict IAV but only causing a 

moderate inhibition due to different viral mechanisms counteracting ZAP. On the one hand, 

ZAP-S reduces IAV transcripts but its binding to the viral RNA is prevented by the viral non-

structural protein 1 (NS1) (Tang et al., 2017). On the other hand, ZAP-L interacts through its 

WWE domain with the viral polymerase proteins PA and PB2 and exerts post-translational 

modifications on them by transfer of poly(ADP-ribose) and ubiquitylation, which leads to 

proteasomal degradation. This mechanism is disrupted by the viral PB1, a protein that 

dissociates the binding between WWE and the viral polymerases (Liu et al., 2015). 

Only a few studies addressed the role of ZAP during DNA virus infections. For instance, ZAP 

restricts the hepadnavirus hepatitis B virus by promoting RNA decay of viral pregenomic RNA 

(Mao et al., 2013; Chen et al., 2015). Moreover, ZAP negatively affects the modified vaccinia 

virus Ankara (MVA), which presents a disrupted viral C16 protein and is used as an attenuated 

smallpox vaccine. In the absence of the C16 viral protein, ZAP restricts viral replication 

presumably by interfering with virion assembly without affecting mRNA or protein levels (Peng 

et al., 2020). In the case of herpesviruses, ZAP was shown to restrict HCMV by an unknown 

mechanism (Lin et al., 2020), while other herpesviruses like the murine γ-herpesvirus 68 (MHV-

68) or the human HSV-1 evolved viral antagonists. The murine herpesvirus MHV-68 evades 

ZAP activity through the viral replication and transcription activator (RTA) protein (Xuan et al., 

2013), while HSV-1 counts on the viral nuclease UL41 to cleave ZAP mRNA (Su et al., 2015). 

Viral factors that act as antagonists of ZAP could serve as targets for the development of 

antiviral strategies. The escape of ZAP-mediated antiviral activity by different viruses could 

eradicate from specific countermeasures evolved against ZAP, but also the different viral 

mechanisms of action or the lack of ZAP-responsive elements (ZREs) on their genomes. 

Interestingly, different viruses seem to induce expression of different sets of ISGs, highlighting 

the importance of studying each virus and the cellular transcription program it induces in a 

specific manner. 
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1.4.3. The direct interaction of ZAP with RNA sequences as a mechanism of action 

ZAP most common antiviral mechanism is to directly bind to viral RNA. ZAP binds single-

stranded RNA (ssRNA), the predominant form of cellular RNA. To avoid altering global cellular 

gene expression, ZAP must be selective in its activity. In this regard, many studies are trying 

to decipher the exact RNA motif that is recognized by ZAP to exert its antiviral activity, and 

despite major advances in recent years, what exactly determines ZAP binding remains elusive. 

Early publications suggest an RNA structure-dependent recognition, based on the RNA 

secondary structure, but already advocating the importance in the sequence-specific 

interaction between ZAP and the target RNA (Huang et al., 2010). The possibility of tertiary 

structures being formed raised the possibility of multiple binding sites. Indeed, soon after these 

findings, it was shown that ZAP molecules can interact forming dimers that will bind to a ZAP-

responsive RNA molecule containing two ZAP-binding sites (Chen et al., 2012). 

Subsequent studies support the recognition of CG-rich dinucleotide regions (Takata et al., 

2017) and reveal in molecular detail how ZAP binds to CG-rich RNA. It is well-established that 

CG-dinucleotides sensitize viral RNA to ZAP (Takata et al., 2017; Odon et al., 2019; Ficarelli 

et al., 2020). However, not only the overall content of CG-dinucleotides, but also their position 

and the RNA structure seem to be determinants for optimal ZAP antiviral activity (Ficarelli et 

al., 2020; Kmiec et al., 2020).  

The recognition takes place through the basic second zinc finger (ZnF2) of ZAP, which contains 

a pocket capable of accommodating CG-dinucleotide bases with a specific, high affinity binding 

(Meagher et al., 2019). Meagher and colleagues solved an X-ray crystal structure of the human 

ZAP RNA binding domain (RBD) in complex with a CG-rich RNA target sequence, selected 

from the site with the highest read count in previously performed CLIP-seq experiments (Takata 

et al., 2017). This showed that the CG-dinucleotide rich RNA sequence was only bound to ZnF2 

(Figure 12A, B). Furthermore, the biological relevance of the protein-RNA contacts observed 

in this study was tested by designing a series of different mutants targeting amino acids in 

direct contact with the CG-dinucleotide (Figure 12C). Strikingly, the most dramatic effects were 

observed when mutating Y108 and F144, the aromatic amino acids that constrain the CG-

binding pocket. These mutations allowed the ZAP RNA-binding activity to be maintained but 

showed a drastic loss of antiviral activity against a CG-enriched HIV-1 reporter (Meagher et al., 

2019).  



Introduction 

36 

 

Figure 12. Structure of human ZAP RBD with CG-rich RNA. (A) The 4 zinc fingers (ZnF) are coloured 
in green (ZnF1), yellow (ZnF2), blue (ZnF3), and cyan (ZnF4). The RNA CG-dinucleotide binds only to 
ZnF2. (B) Representation of the ZAP RBD surface where C and G bases are found in pockets of the 
ZnF2. (C) Surface detail of ZnF2. The mutated amino acids are depicted in magenta. Figure extracted 
and modified from Meagher et al. (2019). Permission to use this material was granted by PNAS. 

Moreover, in line with previous observations (Chen et al., 2012), multiple ZAP proteins seem 

to be able to simultaneously bind to the same CG-rich RNA molecule in case it contains multiple 

ZAP binding sites, exerting a synergistic activity (Luo et al., 2020). These observations follow 

on from the previous study carried out by Takata and colleagues, in which the accumulation of 

CG sequences in the RNA increased the responsiveness to ZAP (Takata et al., 2017). 

In addition, another possibility for ZAP specificity is binding to UA-dinucleotides, a more 

controversial idea at the beginning that has become more popular in recent years. In 2004, 

Guo et al. claimed that ZAP does not recognize any of the three types of AU-rich elements 

(AREs), concluding that ZAP may modulate stability of non-ARE-containing mRNAs (Guo et 

al., 2004). However, in contrast with those findings, recent publications described a ZAP target 

specificity for sequences enriched for UA-dinucleotides as well (Odon et al., 2019; Schwerk et 

al., 2019; Goonawardane et al., 2021). This broadens our knowledge about ZAP target 

specificity, as it seems to be able to bind both sequences enriched for CG- and UA-

dinucleotides.  

Taken together, while there is solid data indicating ZAP recognition of CG-dinucleotide 

containing RNA, it is plausible that the target specificity of ZAP is broader and recognizes other 

specific orders of bases or that the presence of several other zinc finger motifs in the ZAP 

protein could play a role. However, whether or how ZAP directly binds other targets would need 

to be further investigated. 
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1.4.3.1. ZAP regulates cellular gene expression by binding to cellular RNA 

ZAP not only binds viral RNA, but also regulates cellular gene expression, likely to modulate 

the innate immune response. In the absence of viral infection, ZAP binds to and regulates 

cellular transcripts. For instance, ZAP binds to the 3’-UTR of TRAILR4 (also known as tumor 

necrosis factor receptor superfamily member 10D or TNFRSF10D), targeting it for exosome-

mediated degradation (Todorova et al., 2014). TRAILR4 encodes a decoy receptor for TRAIL, 

which is a pro-apoptotic cytokine. Consequently, ZAP increases cell sensitivity to TRAIL-

mediated apoptosis. Another more recent example is the interaction of ZAP-S with the 3’-UTR 

of IFN mRNA through AREs, acting as a negative feedback regulator for IFN production, at 

least during RNA virus infection (Schwerk et al., 2019). 

As in other cellular systems, a negative regulation of ISG expression must exist to tame down 

their negative effects on cells. It was proposed that microRNAs play an important role in 

controlling homeostasis, negatively regulating the induction of ISGs. This way, in the absence 

of viral infection, microRNAs repress ISGs whose function is related to cell death and 

proliferation. One study showed that upon pathogen detection, the RNA-induced silencing 

complex (RISC) activity, which is necessary to negatively regulate ISG expression, is reduced 

(Seo et al., 2013). Interestingly, the authors showed that this inhibition is partly dependent on 

ZAP. Therefore, ZAP may regulate antiviral gene expression in an indirect manner by inhibiting 

microRNA-mediated silencing of a subset of ISGs transcripts, thus promoting their expression 

(Leung et al., 2011; Duchaine and Fabian, 2019). In line with this, Shaw et al. (2021) recently 

showed that while ZAP does not seem to negatively affect ISGs, which need to be strongly 

upregulated to establish the antiviral state in the host, it reduces the abundance of transcripts 

from genes classified as interferon-repressed genes (IRGs), which are downregulated upon 

IFN stimulation,  

1.4.4. ZAP cellular cofactors TRIM25 and KHNYN are required for its antiviral activity 

ZAP is part of a large complex where the interaction with other cellular proteins can contribute 

to the regulation of its activity. Since ZAP has no known enzymatic activity, interaction with 

other cellular proteins such as the 3’-5-exosome machinery, TRIM25 (tripartite motif-containing 

protein 25), or KHNYN (KH and NYN domain-containing protein) enables it to exert its antiviral 

functions (Goonawardane et al., 2021). However, so far, the interactome during viral infection 

remains unknown and only few of the identified interaction partners have been functionally 

validated as ZAP cofactors. 

TRIM25 has been described as a signaling cofactor that modifies both main ZAP isoforms, 

ZAP-S and ZAP-L, by interacting with the N-terminal domain of ZAP and mediating 

ubiquitination (Li et al., 2017; Zheng et al., 2017; Gonçalves-Carneiro et al., 2021). TRIM25 is 

an ISG and an E3 ubiquitin ligase (reviewed in Choudhury et al., 2020), hypothesized to self-

ubiquitinate or ubiquitinate other proteins within the ZAP complex to regulate ZAP activity. 
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Ubiquitination could be a contributing factor to the antiviral activity of ZAP, as it has been 

demonstrated for Sindbis virus (SINV) or CG-enriched HIV-1 (Takata et al., 2017; Zheng et al., 

2017), but does not seem a prerequisite for ZAP antiviral activity. Moreover, ZAP-S was shown 

to interact with RIG-I, enhancing its innate immune response (Hayakawa et al., 2011). If we 

contemplate the idea that TRIM25 also enhances RIG-I activity by ubiquitination (Gack et al., 

2007), this could suggest the formation of a complex formed by TRIM25, RIG-I and ZAP, among 

others. 

Another previously characterized cellular cofactor is KHNYN, which was shown as an essential 

factor for ZAP to restrict CG-enriched HIV-1, leading the retroviral RNA for degradation 

(Ficarelli et al., 2019).  
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1.5. Other ISGs: IFI35, NMI, and IFI44 

Interferon-induced 35 kDa protein (IFI35, also known as IFP35) and N-myc (and STAT) 

interactor (NMI) are homologous ISGs and associate forming a 300 to 400 kDa complex in the 

cytoplasm that can translocate to the nucleus upon stimulation. This association takes place 

through two tandem NMI-IFI35 homology domains (known as NIDs) present on the C-terminus 

of both proteins and allows NMI to stabilize IFI35 (Chen et al., 2000). At their N-terminus, both 

NMI and IFI35 contain coiled coils, while the leucine zipper motif present in IFI35 lacks the 

basic domain that is crucial for DNA binding (Bange et al., 1994). 

Regarding their function, IFI35 interacts with RIG-I, negatively regulating its activation by 

proteasome-mediated degradation (Figure 13). This negative regulation of RIG-I-mediated 

antiviral signaling leads to inhibition of IFN production, which appears to be exploited by 

vesicular stomatitis virus (VSV) to accomplish better replication (Das et al., 2014a). NMI 

interacts with a variety of proteins, including BRCA1, Sox10, CKIP-1, Tip60, ARF, FMDV 2C, 

IRF7, and IRE1α, suggesting its potential involvement in cytokine signal transduction, 

immunologic regulation, and response to cellular stresses, which are all closely related to tumor 

biology. Indeed, genetic variants of NMI have been linked to an increase in susceptibility to 

cancer, likely through its regulation on cell cycle progression (Meng et al., 2015b; Meng et al., 

2015a). Its role in autophagy and chemosensitivity has been demonstrated in breast cancer 

cells (Metge et al., 2015). In addition, NMI plays an essential role in potentiating the JAK/STAT 

pathway by interacting with STAT1 (Zhu et al., 1999), while it also limits innate immune 

responses through its interaction with IRF7, a key transcriptional factor for IFN expression 

(Figure 13). NMI mediates ubiquitin degradation of IRF7, which is used as an advantage by 

influenza A virus (IAV), whose replication is compromised in NMI KO mice (Ouyang et al., 

2021). 

To date, the implication of these ISGs in viral restriction is largely unexplored. However, there 

is evidence that specific viral proteins are involved in evading NMI, highlighting its importance 

as a restriction factor mainly through the activation of the JAK/STAT pathway and subsequent 

induction of ISGs. One example is the interaction of NMI with the viral tegument protein UL23 

of HCMV, which prevents nuclear translocation of NMI (Feng et al., 2018). This restricts NMI 

induction of the JAK/STAT pathway that leads to ISG expression, and it is exploited by HCMV 

as a viral evasion mechanism of the innate immune system. Moreover, another viral 

mechanism of evasion was proposed for protein 6 (P6) of severe acute respiratory syndrome 

coronavirus (SARS-CoV), which also interacts with NMI and functions to promote its 

ubiquitination and degradation. The authors suggest this as a potential mechanism to limit the 

host IFN system and to favor replication of the virus (Cheng et al., 2015).  
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Interferon-induced protein 44 (IFI44, also known as microtubular aggregate protein 44 or 

MTAP44) is another poorly studied ISG, whose expression is induced by IFNα and IFNβ, but 

not IFNγ (Kitamura et al., 1994). IFI44 was found to be associated with microtubular structures, 

which suggests a role for regulating early intracellular viral transport (Honda et al., 1990) 

(Figure 13). Its structure is not well understood but it presents a GTP binding site, which 

suggests its involvement in binding intracellular GTP leading to depletion of the cytoplasmic 

GTP pools. By these means, it is proposed that IFI44 could ultimately result in cell cycle arrest 

(Hallen et al., 2007). The antiviral activity of IFI44 has been demonstrated for viruses like the 

prototype bunyavirus (Bunyamwera virus, BUNV) or HIV-1 (Carlton-Smith and Elliott, 2012). 

For HIV-1, IFI44 suppresses the LTR promoter activity and negatively affects viral transcription, 

which, in turn, may facilitate HIV-1 latency (Power et al., 2015).  

 

Figure 13. Representation of a subset of ISGs and their effects on the innate immune cascade. 
Schematic representation showing the suggested roles on the innate immune signaling cascade for the 
indicated ISGs. NMI, N-myc (and STAT) interactor; IFI35, interferon-induced 35 kDa protein; IFI44, 
interferon-induced protein 44. 

ISGs, with their diverse functions to exert their antiviral roles during innate immune responses, 

and herpesviruses, as masters of evasion, illustrate a great example of the tight balance 

between pathogens and their host.  
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1.6. Aims of the study 

The identification of novel intervention strategies against human cytomegalovirus is a priority 

for the scientific community. Interferon-stimulated genes (ISGs) are intrinsic cellular factors that 

play crucial roles in early infection control. Thus, elucidating their specificity and mode of action 

could uncover novel cellular targets for the development of effective therapies against HCMV. 

Main objective: 

This study aimed to identify previously uncharacterized ISGs capable of controlling HCMV and 

to explore their possible mechanism of action during infection. To do this, a subset of ISGs, 

induced early upon infection, was selected based on a study published by Weekes et al. (2014) 

for their putative implication on the antiviral state of the host against HCMV. 

Specific aims: 

1. Identification of the potential regulatory effects of a subset of ISGs early during HCMV 

infection. Establishment of an HCMV-GFP reporter virus screening to identify ISGs as 

putative factors regulating HCMV infection.  

2. Characterization of the ISG ZAP as a restriction factor for HCMV. Generation of different 

ZAP KO cell lines by Cas9 genome editing technology and assessment of viral 

replication with growth curves and genome copy number analyses. 

3. Exploration of the antiviral mechanism of ZAP on both viral and cellular levels during 

HCMV infection using a combination of proteomics and different high-throughput 

sequencing techniques, including eCLIP-sequencing, to explore the global effect of ZAP 

and to identify direct targets early during HCMV infection. 

4. Elucidation of the importance of identified viral targets of ZAP early in infection. 

Generation of different mutant viruses affecting the expression of the specific viral 

targets of ZAP to assess their possible involvement in HCMV replication. 

5. Exploration of ZAP binding preferences in the context of HCMV infection. Analysis of 

the composition of ZAP-bound RNA by performing dinucleotide analysis on the eCLIP-

seq data. Mutagenesis of the second zinc finger of ZAP to explore the involvement of a 

previously identified CG-binding pocket therein. 

6. Exploration of the possible impact of ZAP on other members of the Herpesviridae family, 

the α-herpesviruses HSV-1, HSV-2, and VZV, in WT and ZAP KO cells using plaque 

assay or qRT-PCR to measure viral titers or transcripts. 
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2. Materials 

2.1. Reagents, chemicals, and commercially available materials 

Table 3. Commercially available reagents and chemicals. 

Reagent Source 

4-Thiouridin (50 mM) Biosynth Carbosynth®, Compton, United Kingdom 

β-mercaptoethanol Carl Roth GmbH, Karlsruhe, Germany 

Agar BD Bioscience Pharmingen, San Diego, USA 

Agarose Sigma-Aldrich, Seelze, Germany 

Ammonium persulfate (APS) Sigma-Aldrich, Seelze, Germany 

Ampicillin (100 mg/mL) Sigma-Aldrich, Seelze, Germany 

Bovine serum albumin (BSA) Sigma-Aldrich, Seelze, Germany 

Carboxymethylcellulose (CMC) Sigma-Aldrich, Seelze, Germany 

Chloramphenicol (34 mg/mL) Sigma-Aldrich, Seelze, Germany 

cOmplete™, Protease Inhibitor Cocktail Roche, Penzberg, Germany 

DMEM, high glucose Gibco™ Life technologies, Darmstadt, Germany 

DMSO (dimethyl sulfoxide) Sigma-Aldrich, Seelze, Germany 

EDTA Sigma-Aldrich, Seelze, Germany 

Endonuclease-free H2O Promega, Mannheim, Germany 

Ethanol 
J.T. Baker Chemicals (Thermo Scientific), Schwerte, 
Germany 

Fermentas dNTP set, 100 mM Thermo Scientific, Schwerte, Germany 

Fermentas FastDigest Buffer (10x) Thermo Scientific, Schwerte, Germany 

Fetal Bovine Serum (FBS) Sigma-Aldrich, Seelze, Germany 

FuGENE HD transfection reagent Promega, Mannheim, Germany 

GeneRuler 1 kb Plus DNA ladder Thermo Scientific, Schwerte, Germany 

Glycerol Sigma-Aldrich, Seelze, Germany 

Glycine Carl Roth GmbH, Karlsruhe, Germany 

GoTaq™ qPCR master mix (2x) Promega, Mannheim, Germany 

HEPES (1M) Thermo Scientific, Schwerte, Germany 

Hoechst Thermo Scientific, Schwerte, Germany 

IncuCyte® Caspase-3/7 reagent 
Essen Bioscience, Sartorius, Göttingen, 
Germany 

iScript™ cDNA synthesis kit Bio-Rad, Munich, Germany 

JetPEI™ transfection reagent Polyplus transfection, New York, USA 

Kanamycin (50 mg/mL) Sigma-Aldrich, Seelze, Germany 

L-(+)- arabinose Sigma-Aldrich, Seelze, Germany 

L-Glutamine, 200 mM Gibco™ Life Technologies, Darmstadt, Germany 

Lipofectamine 2000 transfection reagent Gibco™ Life technologies, Darmstadt, Germany 

Magnesium chloride (MgCl2) Carl Roth GmbH, Karlsruhe, Germany 

Magnesium sulfate (MgSO4) Sigma-Aldrich, Seelze, Germany 

Methanol 
J.T. Baker Chemicals (Thermo Scientific), Schwerte, 
Germany 

Minimum essential medium (MEM) non-
essential amino acids (100X) 

Gibco™ Life technologies, Darmstadt, Germany 

Midori Green Nippon Genetics Europe GmbH, Düren, Germany 

Minimum essential medium (MEM) Eagle Gibco™ Life technologies, Darmstadt, Germany 

Monopotassium phosphate (KH2PO4) Carl Roth GmbH, Karlsruhe, Germany 

Nonfat dry milk 
J.M. Gabler-Saliter Milchwerk GmbN & Co. KG, 
Obergrünzburg, Germany 
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Nycodenz® Axis-Shield, Oslo, Norway 

ON-TARGETplus Human ZC3HAV1 siRNA by 
DharmaconTM (L-017449-01-0005) 

Dharmacon Inc. Horizon Discovery Ltd., Cambridge, 
United Kingdom 

ON-TARGETplus Non-targeting pool siRNA by 
DharmaconTM (D-001810-10-20) 

Dharmacon Inc. Horizon Discovery Ltd., Cambridge, 
United Kingdom 

Opti-MEM Gibco™ Life Technologies, Darmstadt, Germany 

PageRulerTM Plus Prestained protein ladder, 
10 to 250 kDa 

Thermo Scientific, Schwerte, Germany 
 

Paraformaldehyde Sigma-Aldrich, Seelze, Germany 

PCR MasterMix (2x) Thermo Scientific, Schwerte, Germany 

Penicillin Streptomycin (5,000 U/mL; 5,000 
µg/mL), (P/S) 

Gibco™ Life Technologies, Darmstadt, Germany 
 

Polybrene® (10 mg/mL) Santa Cruz Biotechnology, Dallas, USA 

Polyethylenimine (PEI) Polysciences Inc., Warrington, UK 

Potassium chloride (KCl) Sigma-Aldrich, Seelze, Germany 

ProLongTM Gold antifade reagent Thermo Scientific, Schwerte, Germany 

Puromycin (10 mg/mL) Sigma-Aldrich, Seelze, Germany 

Rapid ligation buffer (5x) Thermo Scientific, Schwerte, Germany 

Recombinant human IFNβ PeproTech, Hamburg, Germany 

RestoreTM Plus Western Blot Stripping Buffer Thermo Scientific, Schwerte, Germany 

Sodium acetate (Na2HPO4) Sigma-Aldrich, Seelze, Germany 

Sodium bicarbonate (NaHCO3) Sigma-Aldrich, Seelze, Germany 

Sodium chloride (NaCl) Sigma-Aldrich, Seelze, Germany 

Sodium deoxycholate Sigma-Aldrich, Seelze, Germany 

SuperFI GC Enhancer (5x) Invitrogen, Thermo Scientific, Schwerte, Germany 

SuperFI reaction buffer (5x) Invitrogen, Thermo Scientific, Schwerte, Germany 

SuperSignalTM West Pico PLUS 
Chemiluminescent Substrate 

Thermo Scientific, Schwerte, Germany 

T4 DNA ligase buffer (5x) Thermo Scientific, Schwerte, Germany 

Tetramethylethylenediamine (TEMED) Carl Roth GmbH, Karlsruhe, Germany 

Tris hydrochloride (Tris-HCl) Sigma-Aldrich, Seelze, Germany 

Triton X-100 Sigma-Aldrich, Seelze, Germany 

Trizma (Tris base) Sigma-Aldrich, Seelze, Germany 

TRIzolTM Reagent Thermo Scientific, Schwerte, Germany 

Tween-20 Carl Roth GmbH, Karlsruhe, Germany 

Trypsin-EDTA (0.25%), phenol red Gibco™ life technologies, Darmstadt, Germany 

Tryptone BD Bioscience Pharmingen, San Diego, USA 

Yeast extract AppliChem GmbH, Darmstadt, Germany 

 

Table 4. Commercially available materials. 

Material Source 

96-, 48-, 24-, 12-, 6-well cell culture plates Corning Life Sciences, Wiesbaden, Germany 

AmershamTM HybondTM P 0.2 µm PVDF GE Healthcare, Freiburg, Germany 

AmershamTM ProtranTM 0.45 µm NC GE Healthcare, Freiburg, Germany 

Cell culture dishes Corning Life Sciences, Wiesbaden, Germany 

Cell saver pipette tips 
Biozym Scientific GmbH, Hessisch Oldendorf, 
Germany 

Coverslips, 12 mm Thermo Scientific, Schwerte, Germany 

Disposable pipettes (Costar® Stripette) Corning Life Sciences, Wiesbaden, Germany 

Falcons (15 mL and 50 mL) Corning Life Sciences, Wiesbaden, Germany 

ibidi μ-slide 8-well chambers Ibidi GmbH, Martinsried, Planegg, Germany 

LightCycler® 480 Multiwell plate 96, white Roche, Penzberg, Germany 
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Microscope slides Thermo Scientific, Schwerte, Germany 

SafeSeal tube (1.5 and 2 mL) Sarstedt, Nümbrecht, Germany 

Syringes BD PlastipakTM BD GmbH, Madrid, Spain 

Syringe filter, Filtropur S 0.45 µm Sarstedt, Nümbrecht, Germany 

TipOne® Pipette tips Starlab, Hamburg, Germany 

 

Table 5. Commercially available kits. 

Kit Source 

DNeasy® Blood & Tissue kit Qiagen, Hilden, Germany #69504 

GoTaq® qPCR Master Mix Promega, Mannheim, Germany #A6001 

InnuPREP RNA Mini Kit 2.0 
Analytik Jena Innuscreen, Berlin, Germany #845-KS-
2040250  

iScript™ gDNA Clear cDNA Synthesis Kit  Bio-Rad, Munich, Germany #172-5035 

Mix2Seq Kit  Eurofins MWG Operon, Ebersberg, Germany 

NucleoBond® Xtra Midi Macherey-Nagel, Düren, Germany #12752653 

NucleoBond® Xtra Midi EF (endotoxin-free)  Macherey-Nagel, Düren, Germany #12773550 

NucleoSpin® Gel and PCR Clean-up  Macherey-Nagel, Düren, Germany #740609.250 

NucleoSpin® Plasmid DNA purification  Macherey-Nagel, Düren, Germany #740588.250  

PNGase F (500,000 units/mL)  
New England Biolabs GmbH, Frankfurt am Main, 
Germany #P0704L 

Q5® site-directed mutagenesis kit  
New England Biolabs, Frankfurt am Main, Germany 
#E0554 

Rapid DNA ligation (Fermentas)  Thermo Scientific, Schwerte, Germany #K1423 

 

Table 6. Commercially available enzymes. 

Enzyme Source 

Alkaline Phosphatase (1 U/μL)  Roche, Penzberg, Germany #10713023001 

DpnI 
New England Biolabs, Frankfurt am Main, Germany 
#R0176 

Fermentas FastDigest enzymes Thermo Scientific, Schwerte, Germany  

Platinum™ SuperFi™ DNA Polymerase  
Invitrogen, Thermo Scientific, Schwerte, Germany 
#12351 

T4 DNA ligase (5 units/μL)  Thermo Scientific, Schwerte, Germany #EL0011 

2.2. Antibodies (commercially available) 

2.2.1. Primary antibodies 

Table 7. Commercially available primary antibodies. 

Target [clone] Species Source (Cat. Number) 
Application 
(dilution) 

α-Tubulin [DM1A] 
Mouse 
monoclonal 

Sigma-Aldrich (T6199) IB (1:2,000) 

β-Actin [AC-15] 
Mouse 
monoclonal 

Sigma-Aldrich (A5441) IB (1:5,000) 

GAPDH [14C10] 
Rabbit 
monoclonal 

Cell Signaling (2118) IB (1:4,000) 
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HCMV pp65/UL83 [3A12]  
Mouse 
monoclonal 

Abcam (ab6503) IB (1:10,000) 

HCMV pp65/UL83 [1-L-11] 
Mouse 
monoclonal 

Invitrogen (MA1-7597) IB (1:1,000) 

HCMV ICP36/UL44 
[M612460] 

Mouse 
monoclonal 

MyBioSource (MBS530793) IB (1:2,000) 

HCMV UL35A.03 (kappa 
IgG1) 

Mouse 
monoclonal 

Vanda Lisnic/Stipan Jonjic 
(University of Rijeka, Croatia) 

(Fabits et al., 2020) 

IB (1:5,000) 

HSV VP16/UL48 [LP1] 
Mouse 
monoclonal 

Abel Viejo-Borbolla (Institute of 
Virology, Medical School of 
Hannover, Germany) #ab110226 

IB (1:1,000) 

HSV glycoprotein D [2C10] 
Mouse 
monoclonal 

Abel Viejo-Borbolla (Institute of 
Virology, Medical School of 
Hannover, Germany) #ab6507 

IB (1:10,000) 

Human ZAP (ZC3HAV1) 
[1G10B9] 

Mouse 
monoclonal 

Proteintech (66413-1-Ig) IB (1:2,000) 

Human ZAP (ZC3HAV1) 
Rabbit 
polyclonal 

Proteintech (16820-1-AP) 
IB (1:4,000) 
IF (1:20) 

IE1 [63-27], concentrated 
hybridoma 

Mouse 
monoclonal 

Jens von Einem (Institute of 
Virology, Ulm 
University Medical Center, Ulm, 

Germany). (Andreoni et al., 1989) 

IF (1:2) 

IFI35 (interferon-induced 
protein 35) 

Rabbit 
polyclonal 

Invitrogen (PA5-30981) 
IB (1:1,000) 
IF (1:100) 

IFI44 (interferon-induced 
protein 44) 

Rabbit 
polyclonal 

Invitrogen (PA5-42828) IB (1:2,000) 

Myc-tag [9B11] 
Mouse 
monoclonal 

Cell Signaling (2276) IB (1:8,000) 

Myc [71D10] 
Rabbit 
monoclonal 

Cell Signaling (2278) IF (1:200) 

NMI (N-myc interactor) 
[EPR11065(2)] 

Rabbit 
monoclonal 

Abcam (ab183724) 
IB (1:10,000) 
IF (1:100) 

V5-tag [7/4] 
Mouse 
monoclonal 

Biolegend (BLD-680602) IB (1:4,000) 

2.2.2. Secondary antibodies 

Table 8. Commercially available secondary antibodies. 

Target  Conjugate  Species Source (Cat. Number) 
Application 
(dilution) 

Rabbit IgG 
(H+L) 

HRP Goat polyclonal Dianova (111-035-045)  IB (1:10,000)   

Mouse IgG + 
IgM (H+L) 

HRP Goat polyclonal Dianova (115-035-068)  IB (1:10,000) 

Mouse IgG 
(H+L)  

Alexa 488 Goat polyclonal Invitrogen (A-11029) IF (1:400) 

Mouse IgG 
(H+L)  

Alexa 647 Goat polyclonal Invitrogen (A-21236) IF (1:400) 

Rabbit IgG 
(H+L)  

Alexa 488 Goat polyclonal Invitrogen (A-11034) IF (1:400) 
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2.3. Buffers and solutions 

Table 9. Buffers and solutions recipes. 

Buffers and solutions Components  

Agarose gel  
0,8 - 1% agarose  
in 1x TAE buffer  

Ammonium persulfate 25%  
25% ammonium persulfate  
in ddH2O, sterile-filtered  

Blocking solution for immunoblotting  
with 5% BSA  

5% BSA  
in TBS-T (1x) 

Blocking solution for immunoblotting  
with 5% milk 

5% nonfat dry milk  
in TBS-T (1x) 

Blocking solution for immunofluorescence  
4% BSA  
in PBS  

Carboxymethylcellulose (CMC) 
15 g CMC 
in 1 L ddH2O, autoclaved 

CMC-DMEM medium  

3.75 g sodium carboxymethylcellulose (CMC)  
in 250 mL ddH2O 
Solution was autoclaved, then supplemented:  
1x DMEM (10x) 
5% FBS heat inactivated (100%) 
2 mM L-Glutamine (200 mM) 
1x Penicillin/Streptomycin (100x) 
7.5% NaHCO3  
Filled up with CMC for 500 mL volume, sterile-filtered 

Lentiviral harvest medium 

DMEM (high glucose) 
+ 20% FBS 
+ 1% Penicillin/Streptomycin (P/S) 
+ 10 mM HEPES 

Nycodenz 10%  
10% Nycodenz®  
dissolved in VSB at 70°C,  
autoclaved and stored protected from light at RT  

Orange G (5x) 

100 mM Tris-HCl 
10 mM EDTA 
45 % v/v Glycerol 
0.001 % Xylene Cyanol 
0.125 % Orange G 

PBS  

137 mM NaCl  
2.7 mM KCl  
10 mM Na2HPO4 x 2 H2O  
1.0 mM KH2PO4  
in ddH2O, pH 7.4  

PFA 4% 
4% paraformaldehyde 
in PBS, pH 7.4  

Plaque staining solution 

0.2% Crystal violet 
11% formaldehyde 
2% ethanol 
2% paraformaldehyde 
in ddH2O 

Polybrene 
10 mg/mL polybrene 
in ddH2O, sterile filtered  

Polyethylenimine (PEI) 1 mg/mL 
0.1% polyethylenimine  
in ddH2O 
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RIPA lysis buffer  

20 mM Tris-HCl, pH 7.5  
1 mM EDTA  
100 mM NaCl  
1% Triton X-100  
0.5% Sodium deoxycholate  
0.1% SDS 
in ddH2O 
1 x protease inhibitors freshly added prior to use 

SDS electrophoresis buffer  

25 mM Tris base  
192 mM glycin  
0.1% SDS  
in ddH2O 

SDS loading buffer (4x)  

250 mM Tris-HCl, pH 6.8  
8% SDS  
0.04% bromophenol blue  
40% glycerol  
10% β-mercaptoethanol  
in ddH2O 

SDS separating gel (10% acrylamide)  
– for 2 gels  

4.9 mL ddH2O 
3 mL 1.5 M Tris-HCl, pH 8.8  
4 mL Roti®-Phorese Gel 30 (37, 5:1)  
120 μL 10% SDS  
16 μL TEMED  
16 μL 25% ammonium persulfate  

SDS separating gel (12% acrylamide)  
– for 2 gels  

3.9 mL ddH2O 
3 mL 1.5 M Tris-HCl, pH 8.8  
4.8 mL Roti®-Phorese Gel 30 (37, 5:1)  
120 μL 10% SDS  
16μL TEMED  
16 μL 25% ammonium persulfate  

SDS separating gel (15% acrylamide)  
– for 2 gels 

2.9 mL ddH2O 
3 mL 1.5 M Tris-HCl, pH 8.8  
6 mL Roti®-Phorese Gel 30 (37, 5:1)  
120 μL 10% SDS  
16μL TEMED  
16 μL 25% ammonium persulfate 

SDS stacking gel (5%) – for 2 gels  
 

2.3 mL ddH2O 
1 mL 0.5 M Tris-HC, pH 6.8  
680 µL Roti®-Phorese Gel 30 (37, 5:1)  
40 μl 10% SDS  
8 μl TEMED  
12 μl 25% ammonium persulfate  

SDS transfer buffer  
(Towbin blotting buffer) 

25 mM Tris base  
192 mM glycine  
0.05% SDS  
20% methanol  
in ddH2O 

TAE buffer  

40 mM Tris base  
20 mM sodium acetate  
1 mM EDTA  
in ddH2O 

TBS  
20 mM Tris base  
137 mM NaCl  
in ddH2O, pH 7.6  

TBS-T  
0.1% Tween-20  
in 1xTBS  
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Virus standard buffer (VSB)  

50 mM Tris-HCl, pH 7.8  
12 mM KCl  
5 mM Na2-EDTA  
in ddH2O, sterile filtered 

2.4. Oligonucleotides  

Oligonucleotides were purchased from Integrated DNA technologies IDT (Coralville, USA). 

Table 10. Oligonucleotides used for cloning. 

Oligo  Sequence Comment ID 

KpnI-
IFI35_For 

5’-GGGGTACCATGTCAGCCCCACTGGATG-3′ 
Cloning IFI35 into 
pEF1-V5/His 

1413 

XbaI-
IFI35_Rev 

5’-GCTCTAGAGCCTGACTCAGAGGTGAAG-3′ 1414 

KpnI-
IFI44_For 

5’-CGGGGTACCATGGCAGTGACAACTCG-3′ 
Cloning IFI44 into 
pEF1-V5/His 

1415 

XbaI-
IFI44_Rev 

5’-GCTCTAGATTTTTTTCCTTGTGCACAGTTG-3′ 1416 

KpnI-
NMI_For 

5’-CGGGGTACCATGGAAGCTGATAAAGATGAC 
AC-3′ Cloning NMI into pEF1-

V5/His 

1417 

XbaI-
NMI_Rev 

5’-GCTCTAGATTCTTCAAAGTATGCTATGTGAG 
G-3′ 

1418 

KpnI-
ZAP_For 

5’-GGGGTACCATGGCGGACCCGGAG-3′ 
Binding to the beginning 
of ZAP-S and ZAP-L 

1419 

XbaI-
ZAP_Rev 

5’-GCTCTAGACTCTGGCCCTCTCTTC-3′ ZAP-S into pEF1-V5/His 1420 

KpnI-
FFLuc_For 

5’-CGGGGTACCATGGAAGATGCCAAAAACATTA 
AG-3′ 

Cloning FFLuc into 
pEF1-V5/His 

1421 

XbaI-
FFLuc_Rev 

5’-GCTCTAGACACGGCGATCTTGCCGC-3′ 
Cloning FFLuc into 
pEF1-V5/His 

1422 

SgsI-
FFLuc_For 

5’-AGGCGCGCCATGGAAGATGCCAAAAACATTA 
AG-3′ 

Cloning FFLuc into 
pWPI-puro 

1535 

SgsI-
IFI35_For 

5’-AGGCGCGCCATGTCAGCCCCACTGGATG-3′ 
Cloning IFI35 into 
pWPI-puro 

1536 

SgsI-
IFI44_For 

5’-AGGCGCGCCATGGCAGTGACAACTCGTTTG-3′ 
Cloning IFI44 into 
pWPI-puro 

1537 

SgsI-
NMI_For 

5’-TTGGCGCGCCATGGAAGCTGATAAAGATGAC-
3′ 

Cloning NMI into pWPI-
puro 

1538 

SpeI-
V5_Rev 

5’-GACTAGTTCAATGGTGATGGTGATGATG-3′ 
Binding to V5 (cloning 
into pWPI-puro) 

1540 

SgsI-
ZAP_For 

5’-TTGGCGCGCCATGGCGGACCCGGAGG-3′ 
Cloning of ZAP into 
pTRIP-IRES-RFP 

1539 

BamHI-
V5_Rev 

5’-
CGGGATCCTCAATGGTGATGGTGATGATGACC-3′ 

Cloning of ZAP into 
pTRIP-IRES-RFP 

1648 

ZAP-
cop_For 

5’-CGGCGGCGAGGCCGGGATTACCCGAAGCGTG 
GTGGCCACCACTCGAGCCCGGGTCTGC-3′ 

Optimization of ZAP 
 

1876 
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ZAP-
cop_Rev 

5’-GTCTCCAACACCACGAATCTATCGGGACCGGC 
CACCTGCAGCACCTCACAGAGCTGCGG-3′ 

Optimization of ZAP 
1877 

V5toMyc_F
or 

5’-AGCGAAGAAGATCTGCGTACCGGTCATCATC 
AC-3′ 

Site-directed 
mutagenesis in ZAP-S-
V5 optimized, exchange 
V5 to myc tag 

1541 

V5toMyc_R
ev 

5’-AATCAGTTTCTGTTCTTCGAAGGGCCCTCTAG 
A-3′ 

Site-directed 
mutagenesis in ZAP-S-
V5 optimized, exchange 
V5 to myc tag 

1542 

ZAPS+L_int 
_For 

5’-CAGGATGCTGGACCTGCTTC-3′ 
Exchange V5 from 
pEF1-ZAP-L-V5 to myc 
and HA tag 

2021 

V5toHA_Fo
r 

5’-GCCGGATTATGCGCGTACCGGTCATCATCA 
C-3′ 

Site-directed 
mutagenesis in ZAP-S-
V5 optimized, exchange 
V5 to HA tag 

1887 

V5toHA_Re
v 

5’-ACATCATACGGATATTCGAAGGGCCCTCTAG 
A-3′ 

Site-directed 
mutagenesis in ZAP-S-
V5 optimized, exchange 
V5 to HA tag 

1888 

Xba-ZAP-
L_Rev 

5’-GCTCTAGAACTAATCACGCAGGCTTTG-3′ 
Cloning ZAP-L into 
pEF1-V5/His 

1880 

PmeI_ZAPL 
opt_For 

5’-AGCTTTGTTTAAACATGGCGGACCCGGAGGT 
G-3′ Cloning ZAP-L 

optimized untagged 
version 

2423 

BamHI_ZA
PL 
opt_Rev 

5’-CGCGGATCCTCAACTAATCACGCAGGCTTTGT 
CTTC-3′ 

2424 

ZAP-
Y108A_For 

5’-TTTATGCAAAGCCTCTCATGAGGTTCTCTCAG 
AAGAGAACTTC-3′ 

Site-directed 
mutagenesis in ZAP-
S/L-myc/His optimized, 
insertion of Y108A 
mutation 

2007 

ZAP-Y108A 
_Rev 

5’-TTCCGCTCGGACTGCGAA-3′ 2008 

 

Table 11. Oligonucleotides used for cloning of gRNAs into pLKO5 vectors. 

Oligo  Sequence ID 

gRNA FFLuc (1) 
For 5′-CACC GGATTCTAAAACGGATTACC-3′ 711 

Rev 5′-AAAC GGTAATCCGTTTTAGAATCC-3′ 712 

gRNA FFLuc (2) 
For 5′-CACC G TCGTATTCATTAAAACCGGG-3′ 713 

Rev 5′-AAAC CCCGGTTTTAATGAATACGAC-3′ 714 

gRNA IFI35 (1) 
For 5′-CACC GCAGGCCAGACTCAAGATG-3′ 1378 

Rev 5′-AAAC CATCTTGAGTCTGGCCTGC-3′ 1388 

gRNA IFI35 (3) 
For 5’-CACC GAAGATCCCCCTGGTATTCCG-3′ 1393 

Rev 5’-AAAC CGGAATACCAGGGGGATCTTC-3′ 1394 

gRNA IFI44 (1) 
For 5′-CACC GTGACAACTCGTTTGACA-3′ 1295 

Rev 5′-AAAC TGTCAAACGAGTTGTCA-3′ 1296 

gRNA IFI44 (2) 
For 5′-CACC GTGTCCATGGATTCCGTAA-3′ 1293 

Rev 5′-AAAC TTACGGAATCCATGGACA-3′ 1294 

gRNA NMI (1) 
For 5′-CACC GCTTGAAACGGAGTTACAAG-3′ 1374 

Rev 5′-AAAC CTTGTAACTCCGTTTCAAGC-3′ 1385 

gRNA NMI (3) 
For 5′-CACC GTGACACACAACAAATTCTTA-3′ 1391 

Rev 5′-AAAC TAAGAATTTGTTGTGTGTCAC-3′ 1392 
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gRNA ZAP (1) 
For 5’-CACC GGCCGGGCCCGACCGCTTTG-3′ 1373 

Rev 5’-AAAC CAAAGCGGTCGGGCCCGGCC-3′ 1384 

gRNA ZAP (2) 
For 5’-CACC GCAAAATCCTGTGCGCCCACG-3′ 1669 

Rev 5’-AAAC CGTGGGCGCACAGGATTTTGC-3′ 1670 

gRNA ZAP (3) 
For 5’-CACC GGCCGGGATCACCCGATCGG-3′ 1665 

Rev 5’-AAAC CCGATCGGGTGATCCCGGCC-3′ 1666 

 

Table 12. Oligonucleotides used for sequencing and colony PCR. 

 

Table 13. Oligonucleotides used for BAC mutagenesis. 

Oligo  Sequence ID 

Del_UL4-UL5 

For  
5’- TCGTCACCACTAGTGCAATATTTTTATCGTAAGGCTGAAAGAG 
TATCGTTCTAGTTAGCCAACTGTGTATAGTTTGTTGTAGGATGAC
GACGATAAGTAGGG -3′ 

2489 

Rev 
5’- CAAATACGCAAAAGCAAAACACAACAAACTATACACAGTTGGC 
TAACTAGAACGATACTCTTTCAGCCTTACGATAAAAACAACCAATT
AACCAATTCTGATTAG -3′ 

2490 

UL4_stop4 

For 
5′-GCAATATTTTTATCGTAAGGCTGAAAGAGTATCGTTATGAGGCT 
AGTTAACTAGCCTGCTTAGAATGTGGAGATTAAGGATGACGACGA
TAAGTAGGG -3′ 

2491 

Rev 
5′- GCAAGCAGTACCATCTGTAATAATCTCCACATTCTAAGCAGGC 
TAGTTAACTAGCCTCATAACGATACTCTTTCAGCAACCAATTAACC
AATTCTGATTAG -3′ 

2492 

Oligo Sequence Comment ID 

T7_For 5’-TAATACGACTCACTATAGGG-3′ 
Colony screen and 
sequencing of pEF1-
V5/His constructs 

598 

BGH_Rev 5’-TAGAAGGCACAGTCGAGG-3′ 
Colony screen and 
sequencing of pEF1-
V5/His constructs 

599 

pEF1alpha_For 5’-TCAAGCCTCAGACAGTGGTTC-3′ 
Colony screen and 
sequencing of pWPI 
puro constructs 

579 

pLKO_U6_For 5’-TTTGCTGTACTTTCTATAGTG-3′ 
Sequencing of gRNAs in 
the pLKO construct 

718 

pWPI-seq_Rev 5’-GACCCCTAGGAATGCTCGTC-3′ 
Colony screen and 
sequencing of pWPI 
puro constructs 

1562 

pTRIP-seq_For 5’-CCTGCCTTTCTCTTTATGG-3′ 
Colony screen and 
sequencing of pTRIP 
constructs 

1050 

IRES-seq_Rev 5’-CCTCACATTGCCAAAAGACG-3′ 
Colony screen and 
sequencing of pTRIP 
constructs 

1307 

KpnI-ZAP_For 5’-GGGGTACCATGGCGGACCCGGAG-3′ 
Sequencing of ZAP 
constructs, it binds to 
the beginning of ZAP 

1419 

UL4-5_col_For 5’-CGCTGGTTCTCTCAGCGG-3′ Colony screen and 
sequencing of BAC DNA 
constructs 

2493 

UL4-5_col_Rev 5’-GCTCGTAGAGCTTTCAGAGG-3′ 2494 

UL4/5_col_int_Rev 5’-GCTTGATGGTCGGAAGAGGC-3′ 2495 
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Table 14. Oligonucleotides used for quantitative RT-PCR. 

Oligo   Sequence Source (if applicable) 

HCMV 

HCMV RL13 
For  5’-AAACCACGCACAAACCCTCT-3′ 

 
Rev 5’-AACGCTTGACGGTGATTCCA-3′ 

HCMV UL4-UL5 
For 5’-ACGACTGCTCCTGTGGAATG-3′ 

 
Rev 5’-GCCGACGGTCCCTGAGTAAT-3′ 

HCMV UL144 
For 5’-TGACGACCACTTTTCCCTTGT-3′  

Rev 5’-TTCCAGGCGTCCAACATCAC-3′  

HCMV UL5 (late) 
For 5’-GTTCTACGGAGGCCTGATTT-3′ 

 
Rev 5’-GCAGAAACGACAGATGGATTG-3′ 

HCMV UL44 
For 5’-CGCGACGTTACTTTGATTTGAG-3′ 

 
Rev 5’-ATTCGGACGCCGACATTAG-3′ 

HCMV UL83 
For 5’-AACCAAGATGCAGGTGATAGG-3′ 

 
Rev 5’-AGCGTGACGTGCATAAAGA-3′ 

Human 

Gapdh 
For 5’-GAAGGTGAAGGTCGGAGTC-3′  

Rev 5’-GAAGATGGTGATGGGATTTC-3′  

Tnfrsf10D 
For 5’-CTGCTGGTTCCAGTGAATGACG-3′  

Rev 5’-TTTTCGGAGCCCACCAGTTGGT-3′  

Zmat3 
For 5’-GCTCTGTGATGCCTCCTTCAGT-3′ 

 
Rev 5’-TTGACCCAGCTCTGAGGATTCC-3′ 

VZV 

VZV Orf9 
For 5’-GGGAGCAGGCGC-3′ Aarhus, LGC 

Biosearch 
Technologies 

Rev 5’-TTTGGTGCAGTG-3′ 

VZV Orf40 
For 5’-ACTTGGTAACCG-3′ Aarhus, LGC 

Biosearch 
Technologies 

Rev 5’-CGGGCTACATCA-3′ 

Gapdh (human) 
For 5’-TCTTTTGCGTCG-3′ Aarhus, LGC 

Biosearch 
Technologies 

Rev 5’-ACCAGGCGCCCA-3′ 

2.5. Vectors 

Table 15. Cloning vectors. 

Vector Description Source 

pEP-Kan-S (pcDNA3)  
Template construct for en passant 
mutagenis, ampR, kanR. Insert I-SceI-
KnR  

Tischer et al. (2006) 

pEF1-V5/His A 
Vector backbone used for cloning of 
genes under control of EF1α promoter, 
with C-terminal V5-His tag 

Thermo Scientific, Schwerte, 
Germany 

pTRIP-IRES-RFP 
Lentiviral vector. Genes expressed 
under the control of a CMV promoter; 
RFP for selection. 

Originally from John Schoggins. 
Empty vector generated using 
NEB site-directed mutagenesis 
by replacing the ZAP ORF with 
the MCS from pWPI vectors 

pWPI-puro 
Lentiviral vector with puromycin 
resistance for the generation of stable 
cell lines, EF1α promoter. 

Received from Andreas 
Pichlmair (Technical University 
of Munich, Germany). 
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pLK05-U6-sgRNA 
(BsmBI,stuffer)-EFS-
SpCas9-P2A-RFP 

Lentiviral construct for CRISPR/Cas9 
gene edition. Expression of Cas9, 
RFP. Stuffer DNA to be replaced with 
guide RNA. 

Received from Dirk Heckl 
(Martin Luther University, Halle, 
Germany). 

SGL40C-NL-
SL.EFS.RFP657 

Lentiviral construct for generation of 
double KO cell lines (already 
expressing Cas9). gRNA-only vector 
expressing RFP657 for selection. 

Received from Dirk Heckl 
(Martin Luther University, Halle, 
Germany). 

 

Table 16. cDNA expression constructs. 

Vector Description Source (if applicable)  

pcDNA4-HA-ZAP-L 
Expression plasmid for ZAP-L (long 
isoform of ZAP) 

Received from Chad 
Swanson (Department of 
Infectious Diseases, 
School of Immunology 
and Microbial Sciences, 
King’s College London) 

pTRIP-FFLuc-IRES-RFP 
Expression plasmid for Firefly Luciferase 
(control) Received from John 

Schoggins (UT 
Southwestern Medical 
Center, Dallas, Texas, 
USA) 

pTRIP-ZAP-S-IRES-RFP 
Expression plasmid for ZAP-S (short 
isoform of ZAP) 

pTRIP-IFI35-IRES-RFP Expression plasmid for IFI35 

pTRIP-NMI-IRES-RFP Expression plasmid for NMI 

pTRIP-IFI44-IRES-RFP Expression plasmid for IFI44 

pMD2.G 

Envelope plasmid for lentivirus production. 
Expression of the retroviral envelope G 
protein from vesicular stomatitis virus 
(VSV-G). Used for pLKO5 constructs. 

AddGene, #12259 

psPAX2 

Packaging plasmid for lentivirus 
production. Expression of the retroviral 
polyprotein Gag-Pol. Gag is processed to 
matrix and other core proteins; and Pol 
expresses reverse transcriptase, RNaseH 
and integrase. Used for pLKO5 constructs. 

AddGene, #12260 

pCMV-VSV-G 
Envelope plasmid for lentivirus production. 
Expression of VSV-G. Used for pTRIP 
constructs. 

Received from John 
Schoggins (UT 
Southwestern Medical 
Center, Dallas, Texas, 
USA) #V104 

pCMV-gag/pol 
Packaging plasmid for lentivirus 
production. Expression of Gag, Pol, Rev. 
Used for pTRIP constructs. 

Received from John 
Schoggins (UT 
Southwestern Medical 
Center, Dallas, Texas, 
USA) #V105 

pcDNA3.1 OASL-V5/His 
Expression plasmid for C-terminally 
V5/His-tagged human OASL 

 

pcDNA3.1 UL44-V5/His 
Expression plasmid for C-terminally 
V5/His-tagged HCMV UL44 

 

pWPI-UL4-V5/His-puro 
Lentiviral, expression plasmid for C-
terminally V5/His-tagged HCMV UL4 

 

pWPI-UL5-V5/His-puro 
Lentiviral, expression plasmid for C-
terminally V5/His-tagged HCMV UL5 
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Table 17. cDNA expression constructs generated in this study. 

Expression Vector backbone Template 
Restriction 
sites 

Method 
(primers) 

ZAP-S-
V5/His 

pEF1-V5/His 
pTRIP-ZAP-S-IRES-
RFP 

KpnI/XbaI 
PCR 
(1419/1420) 

ZAP-L-
V5/His 

pEF1-V5/His pcDNA4-HA-ZAP-L KpnI/XbaI 
PCR 
(1419/1880) 

ZAP-S-
V5/His codon 
optimized 
(opt.) 

pEF1-V5/His pEF1-ZAP-S-V5/His -- 
Q5 mutagenesis 
(1876/1877) 

ZAP-L-
V5/His opt. 

pEF1-V5/His 
pEF1-ZAP-S-V5/His 
opt. 

BstXI/XbaI 
PCR 
(2021/1880) 

ZAP-S-
myc/His opt. 

pEF1-V5/His 
pEF1-ZAP-S-V5/His 
opt. 

-- 
Q5 mutagenesis 
(1541/1542) 

ZAP-L-
myc/His opt. 

pEF1-V5/His 
pEF1-ZAP-S-myc/His 
opt. 

BstXI/XbaI 
PCR 
(2021/1880) 

ZAP-S-
V5/His opt. 

pTRIP-IRES-RFP 
pEF1-ZAP-S-V5/His 
opt. 

SgsI/BamHI 
 

PCR 
(1539/1648) 

ZAP-S-
myc/His opt. 

pTRIP-IRES-RFP 
pEF1-ZAP-S-myc/His 
opt. 

SgsI/BamHI 
PCR 
(1539/1648) 

ZAP-L-
myc/His opt. 

pTRIP-IRES-RFP 
pEF1-ZAP-L-myc/His 
opt. 

SgsI/BamHI 
PCR 
(1539/1648) 

ZAP-L opt. 
untagged 

pTRIP-IRES-RFP 
pEF1-ZAP-L-myc/His 
opt. 

PmeI/BamHI 
PCR 
(2423/2424) 

ZAP-S-
V5/His 
Y108A opt. 

pEF1-V5/His 
pEF1-ZAP-S-V5/His 
opt. 

-- 
Q5 mutagenesis 
(2007/2008) 

ZAP-S-
myc/His 
Y108A opt. 

pEF1-V5/His 
pEF1-ZAP-S-myc/His 
opt. 

-- 
Q5 mutagenesis 
(2007/2008) 

ZAP-L-
myc/His 
Y108A opt. 

pEF1-V5/His 
pEF1-ZAP-L-myc/His 
opt. 

-- 
Q5 mutagenesis 
(2007/2008) 

ZAP-S-
myc/His 
Y108A opt. 

pTRIP-IRES-RFP 
pEF1-ZAP-S-myc/His 
Y108A opt. 

SgsI/BamHI 
PCR 
(1539/1648) 

ZAP-L-
myc/His 
Y108A opt. 

pTRIP-IRES-RFP 
pEF1-ZAP-L-myc/His 
Y108A opt. 

SgsI/BamHI 
PCR 
(1539/1648) 

FFLuc-
V5/His 

pEF1-V5/His 
pTRIP-FFLuc-IRES-
RFP (Schoggins) 

KpnI/XbaI 
PCR 
(1421/1422) 

IFI35-V5/His pEF1-V5/His 
pTRIP-IFI35-IRES-RFP 
(Schoggins) 

KpnI/XbaI 
PCR 
(1413/1414) 

IFI44-V5/His pEF1-V5/His 
pTRIP-IFI44-IRES-RFP 
(Schoggins) 

KpnI/XbaI 
PCR 
(1415/1416) 

NMI-V5/His pEF1-V5/His 
pTRIP-NMI-IRES-RFP 
(Schoggins) 

KpnI/XbaI 
PCR 
(1417/1418) 

FFLuc-
V5/His 

pWPI-puro pEF1-FFLuc-V5/His SgsI/SpeI 
PCR 
(1535/1540) 

IFI35-V5/His pWPI-puro pEF1-IFI35-V5/His SgsI/SpeI 
PCR 
(1536/1540) 

IFI44-V5/His pWPI-puro pEF1-IFI44-V5/His SgsI/SpeI 
PCR 
(1537/1540) 
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NMI-V5/His pWPI-puro pEF1-NMI-V5/His SgsI/SpeI 
PCR 
(1538/1540) 

NMI-myc pWPI-hygro pEF1-NMI-V5/His -- 
Q5 mutagenesis 
(1538/1540) 

 

Table 18. Expression constructs generated in this study for Cas9-mediated genome editing. 

Insert  Target exon (nt position) Vector backbone PCR primers  

FFLuc gRNA 1 Non-target control pLKO5-RFP Esp3I/BsmBI 

FFLuc gRNA 2 Non-target control pLKO5-RFP Esp3I/BsmBI 

IFI35 gRNA 1 Exon 2 (nt 42) 
pLKO5-RFP + SGL40C-
RFP657 

Esp3I/BsmBI 

IFI35 gRNA 3 Exon 3 (nt 38) 
pLKO5-RFP + SGL40C-
RFP657 

Esp3I/BsmBI 

IFI44 gRNA 1 Exon 1 (nt 24) pLKO5-RFP Esp3I/BsmBI 

IFI44 gRNA 2 Exon 1 (nt 110) pLKO5-RFP Esp3I/BsmBI 

NMI gRNA 1 Exon 2 (nt 76) pLKO5-RFP Esp3I/BsmBI 

NMI gRNA 3 Exon 1 (nt 37) pLKO5-RFP Esp3I/BsmBI 

ZAP gRNA 1 Exon 1 (nt 149) pLKO5-RFP Esp3I/BsmBI 

ZAP gRNA 2 Exon 1 (nt 53) pLKO5-RFP Esp3I/BsmBI 

ZAP gRNA 3 Exon 1 (nt 191) pLKO5-RFP Esp3I/BsmBI 

2.6. Cell lines and cell culture growth media 

All cells were cultured at 37°C in a humidified 7.5% CO2 incubator. Cells were maintained and 

routinely passaged by trypsinization every 2-3 days. Cell lines stably expressing a desired 

protein of interest or knockout cell lines were generated by lentiviral transduction as described 

in Sections 3.1.8 and 3.2.7, respectively. All cell lines used in the present study were tested 

negative for mycoplasma contaminations (data not shown). 

Table 19. List of cell lines. 

Cell line Description Growth media Source 

HEK 293T 
Derivative of human 
embryonic kidney 293 cells, 
contains the SV40 T-antigen. 

DMEM high glucose 
8% FBS 
1% P/S 

ATCC® CRL-
3216™ 

MRC-5 
Human fibroblast cell line 
derived from normal lung 
tissue. 

DMEM high glucose 
8% FBS 
1% P/S 

ATCC® CCL-
171™ 

HFF-1 
Primary human foreskin 
fibroblasts. 

DMEM high glucose 
15% FBS 
1x Non-essential amino acids 
1x P/S 
 
Add 10% DMSO and 40% FBS 
(freeze down medium) 

ATCC® SCRC-
1041™ 

Vero E6 

Kidney epithelial cells, 
extracted from an African 
green monkey. Vero 76, 
clone E6. 

DMEM high glucose 
10% FBS 
1% L-Glutamine  
1% P/S 

Received from 
Prof. Dr. Luka 
Čičin-Šain 
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Calu-3 
Human lung epithelial cancer 
cells, isolated from lung 
adenocarcinoma. 

MEM Eagle 
10% FBS 
1% Non-essential amino acids 
1% P/S 
 
Add 5% DMSO (freeze down 
medium) 

Received from 
Prof. Dr. Luka 
Čičin-Šain 
 

 

Table 20. List of cell lines generated in this study. 

Cell line Description 

Calu-3 control KO Non-targeting gRNA control, designed for Firefly Luciferase. 

Calu-3 ZAP KO 
(gRNA 1) 

Calu-3 cells stably transduced with lentivirus encoding Cas9 and a specific 
gRNA targeting the first exon of ZAP at nucleotide 149. 

Calu-3 ZAP KO 
(gRNA 3) 

Calu-3 cells stably transduced with lentivirus encoding Cas9 and a specific 
gRNA targeting the first exon of ZAP at nucleotide 191. 

HFF-1 FFLuc-V5 
HFF-1 stably transduced with lentiviruses encoding FFluc-V5 as a control 
(pWPI-puro). Puromycin selection. 

HFF-1 IFI35-V5 
HFF-1 stably transduced with lentiviruses encoding IFI35-V5 (pWPI-puro). 
Puromycin selection. 

HFF-1 NMI-V5 
HFF-1 stably transduced with lentiviruses encoding NMI-V5 (pWPI-puro). 
Puromycin selection. 

HFF-1 IFI44-V5 
HFF-1 stably transduced with lentiviruses encoding IFI44-V5 (pWPI-puro). 
Puromycin selection. 

HFF-1 IFI35-V5-NMI-
myc 

HFF-1 stably expressing IFI35-V5 (pWPI-puro) transduced with 
lentiviruses encoding NMI-myc (pWPI-hygro). Hygromycin selection. 

HFF-1 control KO Non-targeting gRNA control, designed for Firefly Luciferase.  

HFF-1 IFI35 KO 
HFF-1 cells stably transduced with lentivirus encoding Cas9 and a specific 
gRNA targeting the third exon of IFI35 at nucleotide 38. 

HFF-1 NMI KO 
HFF-1 cells stably transduced with lentivirus encoding Cas9 and a specific 
gRNA targeting the second exon of NMI at nucleotide 76. 

HFF-1 IFI35-NMI KO 
Double KO (RFP+ R657+). HFF-1 NMI KO cells (gRNA 1) transduced with 
lentiviruses encoding a specific IFI35 gRNA (SGL40C-R657 vector, gRNA 
3). 

HFF-1 IFI44 KO 
HFF-1 cells stably transduced with lentivirus encoding Cas9 and a specific 
gRNA targeting the first exon of IFI44 at nucleotide 24 (gRNA 1) or 110 
(gRNA 2). Knockout could not be verified. 

HFF-1 ZAP KO (gRNA 
1) 

HFF-1 cells stably transduced with lentivirus encoding Cas9 and a specific 
gRNA targeting the first exon of ZAP at nucleotide 149. 

HFF-1 ZAP KO 
(gRNA 2) 

HFF-1 cells stably transduced with lentivirus encoding Cas9 and a specific 
gRNA targeting the first exon of ZAP at nucleotide 53. 

HFF-1 ZAP KO 
(gRNA 3) 

HFF-1 cells stably transduced with lentivirus encoding Cas9 and a specific 
gRNA targeting the first exon of ZAP at nucleotide 191. 

 

  



Materials 

59 

2.7. Bacterial strains and bacterial growth media 

Table 21. List of bacterial strains. 

Bacteria Description Strain genotype 

Escherichia coli 
DH10B 

Chemically competent DH10B 
strain of E. coli  
 

F– mcrA Δ(mrr-hsdRMS-mcrBC) 
Φ80lacZΔM15 ΔlacX74 recA1 endA1 
araD139 Δ (ara-leu)7697 galU galK 
λ– rpsL (StrR) nupG  

E. coli GS1783  

Electrocompetent GS1783 strain 
with a chromosomal encoded 
inducible Red recombinase and I-
SceI endonuclease. Contains the 
HCMV TB40/E-BAC4 

DH10B l cl857 Δ(cro–bioA) <>araC–

PBAD I-sceI (Tischer et al., 2006)  

Table 22. Bacterial growth media. 

Bacterial medium Components 

LB medium* 

10 g/L tryptone  
5 g/L yeast extract  
7 g/L NaCl  
ddH2O, pH 7.5  

SOC medium 

2% tryptone  
0.5% yeast extract  
10 mM NaCl  
10 mM MgCl2  
10 mM MgSO4  
20 mM glucose  

*When necessary, LB medium was supplemented with 16 g/L agar to prepare solid plates. 

2.8. Viruses 

Table 23. List of viral strains. 

Virus  Description  

HCMV TB40/E WT 
Human cytomegalovirus TB40/E-BAC4 (GenBank accession number 
EF999921.1). 

HCMV ΔUL4-UL5 
HCMV TB40/E with a complete deletion of ORF4 and ORF5, cloned in this 
study. 

HCMV UL4-stop 
HCMV TB40/E with an inserted stop cassette at position 4 within the UL4 
ORF, cloned in this study. 

HCMV-eGFP  

HCMV TB40/E expressing the enhanced green fluorescent protein (eGFP) 
under the control of the murine CMV-MIEP. The eGFP sequence was 

inserted into the gpt-BAC cassette of HCMV TB40/E-BAC4 (Borst et al., 
2013). 

HCMV-IE2-YFP 
HCMV TB40/E expressing the viral immediate-early 2 (IE2) protein fused to 

yellow fluorescent protein (YFP) (Wagenknecht et al., 2015).  

HSV-1 (strain +17) 
Herpes simplex virus type 1, provided by Trine Mogensen, Aarhus University 
Hospital, Denmark. 

HSV-2 (MS strain) 
Herpes simplex virus type 2, provided by Trine Mogensen, Aarhus University 
Hospital, Denmark. 

VZV (Roka) 
Varizella-Zoster virus, provided by Trine Mogensen, Aarhus University 
Hospital, Denmark. 
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3. Methods 

3.1. Virology methods 

3.1.1. BAC reconstitution for the generation of infectious virus from BAC DNA 

For virus reconstitution, endotoxin-free HCMV BAC DNA was isolated from E. coli strain 

GS1783 using the NucleoBond® Xtra Midi EF kit and resuspended in 50 µL endotoxin-free H2O. 

5 to 10 µL of the BAC DNA were transfected into MRC-5 cells (6-well plate format, 300,000 

cells/well of culture medium) using 2 µL of Jet-PEI transfection reagent, diluted in NaCl (150 

mM). The BAC DNA and transfection reagent were incubated for 25 minutes at room 

temperature and added to the MRC-5 cells. Cells were centrifuged at 300 × g for 8 minutes. 6 

to 8 hours post transfection, the supernatant was removed and exchanged with fresh MRC-5 

medium. Cells were incubated at 37°C and 7.5% CO2 and visually inspected routinely until a 

high cytopathic effect (CPE) was observed, when the supernatant was harvested (usually after 

two to three weeks). Three independent transfections were performed in parallel to overcome 

possible variations in the amount of transfected BAC DNA. 

3.1.2. Preparation of virus stocks 

For preparation of virus stocks, 1 to 2 mL of infectious supernatant harvested from the BAC-

transfected MRC-5 cells were diluted in 5 mL fresh HFF-1 medium and added to a T25 flask 

containing 3 x 106 HFF-1 cells. Cells were incubated at 37°C with 7.5% CO2, and inspected 

regularly. After 3 to 4 days, 3 mL of fresh HFF-1 medium was added to the infected cells. Cells 

and supernatants were harvested when around 100% of the cells showed a high CPE (after 7 

to 10 days), followed by centrifugation at 2,465 × g for 20 minutes at 4°C to pellet cell debris. 

The infectious HCMV containing supernatant was diluted 1:2 with fresh HFF-1 medium and 

used to infect two T175 flasks (2 x 107 HFF-1 cells/flask in 30 mL medium). Next day, 

supernatant was removed and 30 mL HFF-1 medium was added to each flask. Supernatants 

were harvested when at least 80% of the cells showed a CPE, and this step was repeated 

every 3 to 5 days until 100% of the cells showed a high CPE (usually this step was possible 3 

times). For the last harvest, cells were scraped into the supernatant. Then, supernatant 

including cells was collected followed by a centrifugation at 2,465 × g for 20 minutes at 4°C to 

pellet cell debris. Supernatant was further subjected to centrifugation at 26,000 × g for 3 hours 

at 4°C to pellet virus. After discarding the supernatant, 1.5 mL cold complete medium was 

added to each pellet, and incubated overnight at 4°C. Next day, virus particles were layered on 

a 10% Nycodenz cushion, followed by centrifugation at 46,000 × g for 4 hours at 4°C. The 

purified, pelleted virus was resuspended in 2 mL cold VSB buffer, and aliquoted in 50 µL and 

20 µL stocks. Vials were stored at -70°C for further titration and use. 
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3.1.3. Determination of HCMV viral titers by IE1 labeling 

IE1 labeling in HFF-1 cells was used to determine viral infectivity and HCMV titers, in 

combination with plaque assay. HFF-1 cells (96-well plate format, 5,000 cells/well in 50 µL of 

culture medium) were seeded. Viral titration was performed three independent times with 

experimental triplicates. The day after seeding, virus stocks were serially diluted in HFF-1 

medium in 10-fold increments and 100 µL of diluted virus from dilutions 10-2 to 10-8 were added 

to the cells. Cells were incubated at 37°C and 7.5% CO2. After 48 hours, virus-containing 

medium was removed and cells were washed once with PBS. The cells were fixed with 4% 

PFA in PBS for 10 minutes at 4°C followed by one wash with PBS. Cells were permeabilized 

with 0.1% triton X-100 in PBS for 5 minutes at room temperature, followed by one time wash 

with PBS. Samples were blocked with 5% FCS in 1% BSA in PBS for 30 minutes at room 

temperature, followed by one wash with PBS. Primary mouse antibody specific for IE1 diluted 

in 1% BSA in PBS (1:2 dilution) was added to the cells and incubated for 90 minutes at room 

temperature, followed by two PBS washes. Cells were incubated with secondary antibody 

coupled to Alexa488 dye diluted in 1% BSA in PBS for 1 hour at room temperature in the dark, 

followed by one PBS wash. Positive cells for IE1 were imaged using the IncuCyte S3 live-cell 

analysis system (Sartorius) and analyzed with IncuCyte S3 2019B software. 

IE1 labeling was also performed to compare and adjust the infectivity of different viruses used 

in the same experiment (i.e., WT and mutant HCMV). In this case, cells were fixed at 12 hpi 

and the assay was performed in experimental triplicates, following the same protocol as 

described above.  

3.1.4. Determination of HCMV viral titers by plaque assay 

Standard plaque assay in HFF-1 cells was used to determine HCMV titers. HFF-1 cells (48-

well plate format, 50,000 cells/well in 500 µL of culture medium) were seeded. Titration was 

performed three independent times in experimental triplicates. On the next day, virus stocks 

were serially diluted in HFF-1 medium in 10-fold increments and, after removing the cell 

medium, 100 µL of fresh culture medium and 100 µl of the diluted virus were added to the cells. 

Cells were incubated for 3 to 4 hours at 37°C and 7.5% CO2. After incubation, virus-containing 

supernatants were removed and 500 µL of pre-warmed carboxymethylcellulose (CMC) medium 

were added to retain viral particles at the site of release. Plates were incubated at 37°C and 

7.5% CO2, and regularly monitored for the appearance of plaques. Plaques were counted after 

12 to 14 days post infection. Final titers were calculated from the average of the log titer of the 

triplicates as PFU/mL, using the following equation: 

PFU

mL
=  

#Plaques 

volume (µL) added
× 

1

Dilution
×  

1000 µL

1 mL
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Number of plaques (#plaques) and dilution in which the plaques were counted was added into 

the above equation. The total number of counted plaques results from adding 100 µL of a 

certain virus dilution; and the unit conversion was applied. 

3.1.5. Plaque assay for HSV-1 and HSV-2 

Vero E6 cells (24-well plate format, 80,000 cells/well in 500 µL of culture medium) were seeded. 

On the next day, virus supernatants were serially diluted in media in 10-fold increments and 

400 µL of diluted virus from dilutions 10-1 to 10-4 were added on the cells. The cells were 

incubated for one hour at 37°C and 7.5% CO2, and plates were regularly tilted to ensure 

complete coverage of the well. After incubation, cells were washed once with PBS followed by 

addition of CMC media to retain viral particles at the site of release and avoid the formation of 

new plaques by progeny virus. Plates were incubated at 37°C and 7.5% CO2. After 48 hours, 

cells were fixed and stained using 0.2% crystal violet (see plaque staining solution in Table 9) 

for 10 minutes at room temperature. Cells were washed until the dye was completely removed 

and plates were dried at room temperature and kept in the dark for further analysis. Plaques 

were counted using a binocular microscope and plaque-forming units (PFU) per milliliter were 

calculated using the formula described in Section 3.1.4. The experiment was performed using 

experimental triplicates. 

3.1.6. Virus infection 

3.1.6.1. HCMV infection 

The viral dose employed during infection was calculated based on the multiplicity of infection 

(MOI). MOI refers to the number of virions that are added per cell during infection and is 

calculated as follows: 

MOI = Plaque forming units (PFU) of virus used for infection / number of cells 

The amount of virus needed to be added to the cells to obtain a specific MOI was calculated 

as indicated below, attending to the viral titers determined by plaque assay: 

Volume of stock virus (mL) = MOI x number of cells / viral titer (PFU/mL) 

The common protocol followed for infection using HCMV was performed as follows. HFF-1 WT 

or ZAP KO cells were seeded in different formats according to the experimental needs. On the 

next day, cells were mock-treated or infected by centrifugal enhancement at 684 × g and 30°C 

for 45 minutes with HCMV WT (TB40/E) at an MOI of 0.1. The moment when the virus was 

added to the cells was defined as time point 0. After centrifugation, cells were incubated at 

37°C for 30 minutes followed by removal of the virus-containing medium, one wash with 

supplemented DMEM (HFF-1 medium), and replacement with fresh medium. At the indicated 

time points, cells were harvested for further analyses. 
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For genome copy numbers or viral growth curves, HFF-1 cells (48-well plate format, 30,000 

cells/well in 500 µL of culture medium) were infected with HCMV at an MOI of 0.1 at 37°C for 

2 hours. After the incubation time, cells were washed once with fresh HFF-1 medium, and 

incubated at 37°C and 7.5% CO2 until harvesting supernatant and cells together at the indicated 

time points. 

3.1.6.2. VZV cell-associated infection 

HFF-1 WT or ZAP KO cells (24-well plate format, 80,000 cells/well in 1 mL of culture medium) 

were seeded. On the next day, cells were left untreated, mock-treated (MeWo uninfected cells), 

or infected with VZV-infected MeWo cells (ROka strain) in a 1:1 ratio (80,000 cells each) in 2% 

FCS medium. After 48 hours of infection, cells were lysed for RNA isolation. As a control, one 

well was seeded with only VZV-infected MeWo cells and was lysed after 3 hours, for 

comparison and to exclude that MeWo infected cells are actively transcribing (Figure 14). RNA 

was extracted and subjected to qRT-PCR (described in Section 3.2.2). Viral strains are 

described in Table 23. 

 

Figure 14. Schematic representation of the workflow for VZV cell-associated infection. HFF-1 cells 
were seeded on day 0. On the next day, MeWo cells were added in a 1:1 ratio to the HFF-1 cells to 
generate different co-cultures and different conditions as follows. WT or ZAP KO HFF-1 cells were left 
untreated (i.e., no MeWo cells added), mock-treated (with uninfected MeWo cells) or infected for 48 
hours (with VZV-infected MeWo cells). As control, a well of only VZV-infected MeWo cells was lysed 
after 3 hours to monitor basal VZV gene expression. Total RNA was extracted from the respective lysates 
and qRT-PCR was performed. A timeline (in days) is represented below as a grey arrow. UT; untreated. 

3.1.6.3. VZV cell-free infection 

HFF-1 WT or ZAP KO cells (24-well plate format, 80,000 cells/well in 1 mL of culture medium) 

were seeded. On the next day, cells were mock-infected or infected at an MOI of 0.01 with cell-

free VZV (ROka) in HBSS (calcium, magnesium) medium. Infection was enhanced by 

centrifugation at 250 × g at room temperature for 3 minutes. After centrifugation, cells were 

incubated at 37°C and 5% CO2 for 3 hours followed by replacement of virus-containing medium 
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with fresh HFF-1 medium. Cells were lysed right after the 3 hours incubation time (to look at 

basal VZV gene expression after the washing step) and at 48 hours post infection. RNA was 

extracted and subjected to qRT-PCR (as described in Section 3.2.2). Viral strains are described 

in Table 23. 

3.1.6.4. HSV-1 and HSV-2 infection 

HFF-1 WT and ZAP KO cells (24-well plate format, 80,000 cells/well in 1 mL of culture medium) 

were seeded. On the next day, cells were mock-infected or infected with HSV-1 (strain +17) at 

an MOI of 1, or with HSV-2 (MS strain) at an MOI of 3, in serum-free HFF-1 medium. Cells 

were incubated for one hour at room temperature with gentle tilting to promote viral particle 

adsorption, followed by removal of virus-containing medium, one wash with medium and 

replacement with fresh HFF-1 medium. Cells were incubated at 37°C and 5% CO2 for 24 hours. 

Supernatants were collected and cryopreserved until use for plaque assay (as described in 

Section 3.1.5). Cells were lysed with RIPA, supplemented with protease and phosphatase 

inhibitors, as well as benzonase DNase (1:5000), for further immunoblotting analyses 

(described in 3.3.2). Viral strains are described in Table 23. 

3.1.7. Multi-step growth curve for HCMV 

HFF-1 WT or ZAP KO cells (48-well plate format, 30,000 cells/well in 500 µL of culture medium) 

were seeded one day prior to infection. Experiments were performed in triplicates. The next 

day, cells were infected with HCMV (TB40/E WT or HCMV-GFP, as indicated in the respective 

figure legend) at an MOI of 0.1 for 2 hours at 37°C. After the incubation time, cells were washed 

once with fresh HFF-1 medium, and subsequently incubated at 37°C and 7.5% CO2 until 

harvesting at the indicated time points. Cells and supernatants were harvested together and 

froze down at -80°C until collecting all samples. The collected supernatants-containing viruses 

were used to infect HFF-1 WT cells and titers were determined by IE1 labeling, as described 

in Section 3.1.3. Briefly, supernatants were serially diluted in media in 10-fold increments and 

100 µL of diluted virus from dilutions 10-2 to 10-8 were added to the cells. Infected cells were 

fixed with 4% PFA in PBS after 48 hours. Immunolabeling of the viral IE1 protein was done 

using primary mouse antibody specific for IE1. Samples were incubated with a secondary 

antibody coupled to Alexa488 dye (Invitrogen A-11029). Positive cells for IE1 were imaged and 

counted using an EVOS fl (AMG). 

3.1.8. Lentiviral transduction of HFF-1 cells 

Lentiviral particles were produced to deliver and stably express a gene of interest into HFF-1 

cells. For lentivirus production, HEK 293T cells (6-well plate format, 730,000 cells/well in 3 mL 

of culture medium) were seeded. On the next day, cells were transfected using 2,000 ng of the 

lentiviral construct harboring the gene of interest together with 400 ng of VSV-G envelope and 
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1,600 ng of gag/pol packaging plasmids diluted in OptiMEM (Table 16). A Lipofectamine 2000 

mix containing 10 µL Lipofectamine and 250 µL OptiMEM per sample was incubated for 5 

minutes at room temperature prior to adding it to the DNA-mix. The Lipofectamine-DNA mix 

was incubated for 20 minutes at room temperature, and added dropwise to the cells. 16 hours 

post transfection, medium was changed to lentivirus harvest medium. 36 hours post 

transfection, the supernatant containing viral particles was harvested and filtered through a 

0.45 µm filter for further cell transduction (Figure 15). 

For the generation of stable cell lines (listed in Table 20), HFF-1 cells (6-well plate format, 

250,000 cells/well in 3 mL of culture medium) were seeded one day prior to transduction. On 

the next day, the freshly produced lentivirus was diluted 1:2 by adding an equal volume of HFF-

1 medium and polybrene was added to a final concentration of 4 µg/mL. HFF-1 medium was 

replaced with the mixture and transduction was enhanced by centrifugation at 684 × g and 

30°C for 90 minutes. After 3 to 4 hours of incubation, medium was replaced with fresh HFF-1 

medium and transduced cells were incubated at 37°C and 7.5% CO2. Cells were selected by 

either using the respective antibiotic or by cell sorting, depending on the selection marker 

present on the transduced plasmid, and further used for particular experiments (e.g., infection 

experiments or immunofluorescence analyses). 

 

Figure 15. Schematic representation of the workflow for lentiviral transduction of HFF-1 cells. A 
timeline (in days) is represented by the grey arrow. HEK 293T cells are seeded on day 0, one day prior 
to transfection (day 1). Lentiviruses are harvested on day 3, around 36 hours post transfection, and used 
for transduction of HFF-1 cells, seeded on the previous day (day 2). After an incubation time of 48 to 72 
hours (days 5 or 6), cells can be selected by antibiotics or cell sorting, according to the marker expressed 
from the lentiviral vector.  

3.1.9. Flow cytometry assay to determine the regulatory effects of different ISGs on 

GFP-driven transcription from the murine major immediate-early promoter (mMIEP) 

A subset of ISGs was selected for being strongly induced in human fibroblasts during the first 

hours after HCMV infection (Weekes et al., 2014): IFI35, NMI, IFI44, and ZAP. A flow 

cytometry-based assay, previously described by Schoggins et al. (2011), was established to 

elucidate the possible regulation that the selected ISGs could exert on GFP-driven transcription 

by the major immediate-early promoter (MIEP) of murine CMV (mMIEP). For this assay, the 
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lentiviral pTRIP vectors kindly provided by John Schoggins were used, which co-express the 

ISG of interest and the red fluorescent protein TagRFP for selection. HFF-1 cells were 

lentivirally transduced with the specific pTRIP vector harboring the different ISGs (as described 

in Section 3.1.8), followed by infection using an HCMV-GFP reporter virus [previously 

described in Borst et al. (2013)] (Table 23). The HCMV-GFP reporter virus expresses the green 

fluorescent protein (GFP) under the control of the mMIEP as a reporter for MIEP-driven 

transcription of HCMV genes. For the generation of this virus, the non-essential guanine 

phosphoribosyl transferase (gpt) gene region of the BAC cassette of HCMV-TB40-BAC4 was 

replaced by the mMIEP-GFP reporter, avoiding disruption of immediate-early HCMV gene 

transcription (Figure 16). Viral modulation was analyzed by fluorescence-activated cell sorting 

(FACS, BD Biosciences LSR-II), measuring GFP positive (GFP+) cells (i.e., activation of the 

mMIEP) within the RFP-positive population (RFP+), which expresses the ISG of interest. The 

activity of the HCMV reporter virus was tested in the presence of the four different ISGs, and a 

luciferase gene from Photinus pyralis (Fluc) was used as a control (hereinafter referred to as 

FFLuc control).  

 

Figure 16. Schematic representation of the HCMV-GFP reporter virus used in the flow cytometry 
assays. The HCMV-GFP reporter virus expresses the GFP protein (represented as a green box) under 
the control of the murine major-immediate early promoter (mMIEP, blue box) (Borst et al., 2013). This 
reporter is inserted into the BAC cassette (grey box) of the HCMV-TB40/E-BAC4 genome (here 
represented as a straight line) and replaces the gpt gene region. 

3.2. Molecular methods 

3.2.1. Quantitative reverse transcription PCR (qRT-PCR) for cellular and HCMV 

transcripts 

Quantitative RT-PCR was performed to determine cellular and viral mRNA levels under 

different conditions and experiments. 

3.2.1.1. RNA preparation, removal of genomic DNA and cDNA synthesis 

Total RNA from cell culture material was extracted using the Analytik Jena RNA isolation kit 

according to the manufacturer’s instructions. Briefly, the cell culture supernatant was removed 

and cells were lysed in 400 µL of RL lysis buffer (included in the kit). The lysed sample was 

transferred to a column for a first DNA removal step. The DNA-free sample was mixed with an 

equal volume of 70% ethanol, prior to transfer onto the RNA extraction column. Further, two 
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washing steps were performed, followed by an extra centrifugation for 3 minutes to remove all 

traces of ethanol. RNA was eluted in 50 µL nuclease-free H2O and RNA yield was measured 

using the NanoPhotometer® N60/50 (Implen). 

After RNA extraction, a maximum of 1,500 ng total RNA was used for genomic DNA removal 

and cDNA synthesis using the iScriptTM gDNA Clear cDNA Synthesis kit. Briefly, for DNase 

digestion, the RNA was diluted to a 21 µL reaction volume, and 3 µl of DNase and DNase buffer 

were added to the RNA sample (in a ratio 1:4). DNase treatment was performed in a 

thermocycler using the following settings: 

5 min. at 25°C, 5 min. at 75°C, and hold at 4°C. 

The DNA-free RNA was mixed with iScript mix (5x) containing RT enzyme (for cDNA synthesis) 

or iScript no-RT control (5x) (for –RT control), and samples were subjected to the following 

thermocycler conditions:  

5 min. at 25°C, 20 min. at 46°C, 1 min. at 95°C, and hold at 4°C. 

Afterwards, both cDNA and –RT controls were diluted 1:5 using nuclease-free H2O. cDNA was 

stored at -20°C until qPCR was performed. For longer storage periods, cDNA was kept at -

70°C. 

3.2.1.2. qPCR analysis of mRNA transcripts 

To set up the reaction for the subsequent qPCR of specific transcripts, a master mix was 

prepared as follows: 

0.4 µL Forward primer (10 µM) (Table 14) 

0.4 µL Reverse primer (10 µM) (Table 14) 

10 µL GoTaq qPCR master mix, 2x 

Up to 15 µl final volume (filled up with nuclease-free H2O) 

5 µL of cDNA (previously diluted 1:5) were added to the master mix (obtaining a 20 µL final 

reaction volume). The qPCR plate was sealed, centrifuge at 1,000 rpm and 4°C for 2 minutes, 

and analyzed using a Roche LightCycler® 96 instrument. Plates were run in experimental 

duplicates, including –RT controls for all samples. GAPDH was used as housekeeper gene for 

reference. 

For amplification, the following settings were used: 

Pre-incubation:  95°C for 600 seconds (sec.)  

3 step amplification:  50 cycles of [95°C for 10 sec., 60°C for 10 sec., 72°C for 10 sec.]  

Melting:   95°C for 10 sec., 65°C for 10 sec., increasing up to 97°C 
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The relative quantification of cellular mRNA transcripts was calculated using the 2-ΔΔCt method, 

where Ct indicates the cycle threshold value: 

ΔΔCt = (Ctgene of interest – Cthousekeeping gene) – (Ctgene of interest mock – Cthousekeeping gene mock) 

For viral mRNA transcripts, since there is not an appropriate reference value (i.e., mock values 

equal zero for viral transcripts), 2-ΔCt was used:  

ΔCt = (Ctgene of interest – Cthousekeeping gene) 

3.2.2. Isolation of RNA and quantitative reverse transcription PCR (qRT-PCR) for VZV 

transcripts as an indication of viral replication 

RNA was purified from HFF-1 WT and ZAP KO cells infected with VZV-MeWo cells in a 1:1 

ratio or cell-free virus, for 48 hours. RNA was isolated following the manufacturer's instructions, 

using the High Pure RNA Isolation Kit (Roche, Basel, Switzerland), including a DNase 

treatment step. Before cDNA synthesis, VZV-infected HFF-1 cells underwent an extra DNA 

removal step using the TURBO DNA-freeTM Kit (Thermo Fischer Scientific, Watlham, MA). 

From the isolated RNA, cDNA was synthesized using the QuantiTect Reverse Transcription Kit 

(Qiagen, Hilden, Germany) following the manufacturer's instructions. The synthesized cDNA 

was subsequently used for qRT-PCR using SYBR Green (Table 14), allowing amplification and 

analysis of levels of the viral VZV late transcripts Orf9 and Orf40 (LGC Biosearch Technologies, 

Petaluma, CA). Plates were run in experimental duplicates, including –RT controls for all 

samples. GAPDH was used as housekeeper gene for reference. The relative quantification of 

viral mRNA transcripts was calculated using the 2-ΔCt method, as indicated above in 3.2.1.2.  

3.2.3. Determination of HCMV genome copy numbers 

HCMV genome copy numbers were measured as an indication of viral replication under 

different infection conditions. HFF-1 WT, control, or ZAP KO cells (48-well plate format, 30,000 

cells/well in 500 µL of culture medium) were infected with HCMV (TB40/E WT or specific 

mutants) at an MOI of 0.1 for 2 hours at 37°C. After the incubation time, cells were washed 

once with fresh HFF-1 medium, and subsequently incubated at 37°C and 7.5% CO2 until 

harvesting at the indicated time points. Cells and supernatants were harvested together by 

scraping the cells into the supernatants. 200 µL of the sample was used for DNA extraction 

using the Qiagen DNeasy blood and tissue kit following the manufacturer’s instructions. Briefly, 

the sample was incubated with 20 µL of proteinase K and 200 µL of lysis buffer (AL, included 

in the kit). The mix was vortexed and incubated for 10 minutes at 56°C. Next, 200 µL of ethanol 

were added and vortexed prior to addition of the mixture to the extraction column. After two 

washing steps, the DNA was eluted by centrifugation with 200 µL of buffer (AE, included in the 

kit). The extracted DNA was diluted 1:10 and sent to the Medical School of Hannover (MHH), 

for subsequent qPCR using TaqMan probes. There, HCMV DNA copies were quantified by 
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qRT-PCR as previously described (Henke-Gendo et al., 2012) and copy numbers were 

harmonized to the 1st WHO International Standard for Human Cytomegalovirus for Nucleic Acid 

Amplification Techniques (NIBSC, no. 09/162). Experiments were performed in triplicates. 

Quantity values were received from the MHH as a report. To calculate the HCMV genome 

copies/mL, the following formula was applied: 

Quantity value / MHH-dilution x Sample preparation x Dilution 

The obtained values were first divided by 50 to remove the MHH-specific dilution factor. Next, 

the resulting values were multiplied by the sample preparation factor and the specific dilution 

factor (i.e., 10 if a 1:10 dilution was sent to the MHH). The individual sample preparation factor 

was calculated as follows: 

Sample preparation factor = (1000 μL / A) x (B μL / 10) 

Being A: µL of original sample that was lysed (i.e., 200 µL); B: µL of elution buffer (i.e., 200 µL). 

3.2.4. Cloning of DNA-expressing vectors (obtained by polymerase chain reaction, 

PCR) 

Restriction enzyme-based DNA cloning was employed to generate different expression 

constructs for the use in the present study (listed in Table 17). The gene of interest was 

amplified from respective template DNA by standard PCR using SuperFi™ High-Fidelity DNA 

polymerase. The reaction mix was prepared as follows (Table 24): 

Table 24. PCR conditions for PCR amplification using SuperFI DNA polymerase. 

Component  Volume [µl] 

Template DNA 50 ng 

Forward primer (10 µM) 2.5 µL 

Reverse primer (10 µM) 2.5 µL 

dNTPs (25 mM each)  0.4 µL 

SuperFI Reaction Buffer (5x)  10 µL 

SuperFI GC Enhancer (5x) 10 µL 

SuperFI DNA polymerase 0.5 µL 

Nuclease-free H2O Up to 50 µL 

For amplification of the gene of interest, the following conditions were used: DNA was 

denatured at 98°C for 30 seconds. Next, a three-step amplification was repeated for 30 cycles, 

consisting of denaturation (at 98°C for 10 sec.), annealing at a specific temperature depending 

on the primers used (10 sec.; see Tables 10 and 11), and elongation (at 72°C). The elongation 

time was established according to the length of the amplicon (15-30 sec. per kilobase (kbp) for 

SuperFi DNA polymerase). This was followed by a final step at 72°C for 5 minutes for the final 

amplification of DNA fragments. 
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The obtained PCR product was loaded onto a 1% agarose gel to be separated by 

electrophoresis. DNA was visualized using Midori Green under a blue light LED (470 nm) and 

the desired bands were excised from the gel and purified using the NucleoSpin® Gel and PCR 

clean-up kit system. The purified DNA and the destination vector were subjected to 

simultaneous digestion and dephosphorylation as follows (Table 25):  

Table 25. Digestion conditions for restriction enzyme-based cloning. 

Component  Purified PCR product Vector 

PCR product or vector 0.5 µg 2 µg 

FastDigest Buffer (10x) 3 µL 2 µL 

FastDigest enzyme #1 1 µL 1 µL 

FastDigest enzyme #2 1 µL 1 µL 

Alkaline phosphatase  – 1 µL 

Nuclease-free H2O Up to 30 µL Up to 20 µL 

The digestion mix was incubated from 30 minutes to 1 hour at 37°C, depending on the star 

activity of the used enzymes. After the DNA restriction, both products were purified: the PCR 

product was cleaned-up using the NucleoSpin® Gel and PCR clean-up kit and the digested 

vector was first separated by electrophoresis on a 1% agarose gel and then purified from the 

gel as described above. For ligation, 6.5 µL of digested, purified PCR product (i.e., the insert) 

were combined with 1 µL of digested, dephosphorylated destination vector, 0.5 µL T4 DNA 

ligase (5 units/µL), and 1x T4 DNA ligase buffer in a total volume of 10 µL. In parallel, a ligation 

with only vector was setup as a control for vector religation. The ligation mixture was incubated 

for 15-20 minutes at room temperature prior to transformation into bacteria. For this purpose, 

5 µL of the ligation mix were added to 50 µL of chemical competent E. coli (DH10B strain), 

incubated for 20 minutes on ice, followed by heat shock for 30 seconds at 42°C, and an extra 

2 minutes incubation step on ice. After the incubation time, 150 µL of pre-warmed SOC medium 

were added to the bacteria followed by incubation for 1 hour at 32-37°C with gentle agitation 

for recovery. After this recovery time, the bacteria were spread out onto LB-plates with the 

respective antibiotic for resistance selection, and incubated over night at 32°C (for lentiviral 

vectors) or 37°C (for other expression plasmids). 

Grown colonies were tested for the presence of the introduced plasmid by colony PCR using 

primers listed in Table 12. Colony PCR conditions are described below in Table 26: 

Table 26. Colony PCR conditions. 

Component  Volume [µl] 

Bacteria (colony diluted in 10 µL of nuclease-free H2O) 2 µL 

Forward primer (10 µM) 1 µL 

Reverse primer (10 µM) 1 µL 

PCR master mix (2x) containing Taq polymerase (1 min/kbp)  5 µL 

Nuclease-free H2O Up to 10 µL 
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Positive clones were selected to prepare large scale plasmid DNA using the NucleoBond® Xtra 

Midi according to the manufacturer’s protocol. Expression constructs were sequenced using 

Mix2Seq kit and their expression was tested by transfection in eukaryotic HEK 293T cells. 

3.2.5. Q5-based mutagenesis 

Q5-based mutagenesis was performed to generate different expression constructs by 

substitution, deletion, or insertion (listed in Table 17). Oligos were designed using the 

NEBaseChanger™ online tool (Table 10), and the Q5® Site-Directed Mutagenesis Kit was used 

according to the manufacturer’s protocol. Briefly, it consists of three steps: (1) exponential 

amplification by PCR using the Q5 hot start high-fidelity 2x master mix (included in the kit); (2) 

kinase, ligase and DpnI (KLD) treatment; and (3) transformation into chemically-competent 

E. coli (DH5α strain) (as described in Section 3.2.4). Constructs were sequenced using the 

Mix2Seq Kit and their expression was tested by transfection in eukaryotic HEK 293T cells. 

3.2.6. Generation of virus mutants by bacterial artificial chromosome (BAC) 

mutagenesis 

The HCMV UL4-UL5 gene locus, containing the UL4 and UL5 open reading frames (ORFs), 

was manipulated to affect its translation following the two-step en passant mutagenesis 

technique described in Tischer et al. (2010). Oligonucleotides used for BAC mutagenesis are 

listed in Table 13. 

3.2.6.1. HCMV UL4-stop mutant 

A stop cassette (GGCTAGTTAACTAGCC) was introduced at nucleotide position 4 within the 

UL4 ORF (i.e., immediately downstream of its start codon), aiming to terminate UL4 protein 

translation. This insertion site corresponds to nucleotide position 46,271 of the HCMV TB40/E-

BAC4 strain genome [GenBank accession number EF999921.1, Sinzger et al. (2008)]. For this 

purpose, primers containing the stop cassette (depicted in red) and homology sites flanking the 

desired mutation in UL4 (nucleotide 4) were designed as indicated below. These primers were 

used to amplify a kanamycin resistance cassette from the pEP-Kan-S construct (the homology 

sites for the kanamycin [Km] cassette, named EP, are represented in light blue). 

UL4-stop_for (5’-ABmutCEP-3’): 

5’-GCAATATTTTTATCGTAAGGCTGAAAGAGTATCGTTATGAGGCTAGTTAACTAGCCTG 

CTTAGAATGTGGAGATTAAGGATGACGACGATAAGTAGGG-3’ 

UL4-stop_rev (5’-DCmutBEP-3’): 

5’-GCAAGCAGTACCATCTGTAATAATCTCCACATTCTAAGCAGGCTAGTTAACTAGCCTC 

ATAACGATACTCTTTCAGCAACCAATTAACCAATTCTGATTAG-3’ 
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A schematic overview of the steps used for BAC mutagenesis is shown in Figure 17. The PCR 

conditions used for amplification of the Km resistance cassette are described in Table 27. 

Table 27. BAC PCR conditions. 

Component  Volume [µl] 

pEP-Kan-S 400 ng 

Forward primer (10 µM) 1 µL 

Reverse primer (10 µM) 1 µL 

dNTPs (25 mM each)  0.4 µL 

SuperFI Reaction Buffer (5x)  10 µL 

SuperFI GC Enhancer (5x) 10 µL 

SuperFI DNA polymerase 1 µL 

Nuclease-free H2O Up to 50 µL 

98°C 30 sec., 35x (98°C 10 sec., 55°C 10 sec., 72°C 45 sec.), 72°C 5 min. 

The obtained PCR product was treated with the restriction enzyme DpnI for 1 hour at 37°C for 

template degradation prior to purification. Then, DpnI-digested, purified PCR product was 

electroporated into electrocompetent E. coli GS1783 (Table 21). E. coli GS1783 harbors an 

inducible Red recombinase system, the I-SceI endonuclease and the TB40/E-BAC4 

chloramphenicol (Cm) resistant, which allows integration of the electroporated DNA and further 

selection. Km-Cm resistant colonies were selected for harboring the integrated Km cassette 

and the successful integration was confirmed by colony PCR (as described in Table 26). The 

Km cassette contains the DNA recognition site for the I-SceI endonuclease, which is in turn 

controlled by an arabinose-inducible promoter. The induction of I-sceI leads to the excision of 

the Km resistance gene. Incubation at 42°C allowed for the induction of the Red recombinase 

system and the second recombination to take place. Km-sensitive, but Cm-resistant clones 

were selected to harbor the mutation, and colony-PCR was performed to verify the excision of 

the Km cassette. The resultant HCMV UL4-stop BAC was extracted from an agarose gel, 

verified by both restriction digest using HindIII and EcoRI (Table 28), and by sequencing the 

UL4 gene region (see Figure 38 in the Results Section).  

Table 28. Restriction digest conditions to verify BAC DNA mutants. 

Component  Volume [µl] 

DNA 2 µg 

Fast Digest buffer 4 µL 

Fast Digest Enzyme 2 µL 

Nuclease-free H2O Up to 40 µL 
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Figure 17. En passant BAC mutagenesis for the generation of HCMV mutants. (A) Schematic 
overview of the BAC mutagenesis, adapted from Tischer et al. (2010). To acquire a Km resistance gene, 
the pEP-Kan-S template was amplified with primers containing sequences homologous to the flanking 
sites of the UL4 and/or UL5 genes. For the generation of the UL4-stop virus, the primers also contained 
the stop cassette sequence (depicted in red). The amplified product was then electroporated into E. coli 
GS1783. E. coli GS1783 harbors an inducible Red recombinase system, which allows the first 
recombination. After selection of positive clones, expression of the I-SceI restriction enzyme was induced 
using arabinose. This endonuclease generates a DNA double-strand break (DSB) within the Km 
resistance cassette sequence. Then, the Red recombinase system was induced again allowing for the 
second recombination and excision of the Km resistance gene. (B, C) Schematic representation of the 
mutations achieved for the generation of the UL4-stop (B) and UL4-UL5 deletion (C) BAC mutants. 
Shown are nucleotide sequences of UL4 and UL5 genes, in light and dark blue, respectively. The 
sequence of the blocks used for the generation of the primers are indicated in different colors along the 
nucleotide sequences. 
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3.2.6.2. HCMV ΔUL4-UL5 deletion mutant 

The HCMV UL4-UL5 deletion mutant virus (designated as ΔUL4-UL5) was generated as 

described above (Figure 17) with the following modifications. Instead of adding a stop cassette, 

a deletion of the whole UL4-UL5 locus was conducted, affecting both UL4 and UL5 ORFs 

(deletion from the position 46,267 nt to 47,308 nt of the TB40/E-BAC4 strain genome, 

accession number EF999921.1). For this, the primers contained the homology sites for the 

flanking regions of the sequence to be deleted (i.e., UL4 and UL5 ORFs, marked with brackets), 

as well as the Km cassette homology sites (EP, depicted in light blue) for the amplification from 

pEP-Kan-S: 

UL4-UL5 deletion_for (5’-AB(del)CEP-3’): 

5’-TCGTCACCACTAGTGCAATATTTTTATCGTAAGGCTGAAAGAGTATCGTT()CTAGTTAG 

CCAACTGTGTATAGTTTGTTGTAGGATGACGACGATAAGTAGGG-3’ 

UL4stop_rev (5’-DC(del)BEP-3’): 

5’-CAAATACGCAAAAGCAAAACACAACAAACTATACACAGTTGGCTAACTAG()AACGATA 

CTCTTTCAGCCTTACGATAAAAACAACCAATTAACCAATTCTGATTAG-3’ 

The remaining protocol was performed as described above for the UL4-stop mutant in Section 

3.2.6.1. 

The resultant HCMV ΔUL4-UL5 BAC DNA was extracted and verified by both restriction digest 

using HindIII and EcoRI (described in Table 28) as well as sequencing with specific primers.  

The whole DNA from both UL4-stop and ΔUL4-UL5 BACs was subjected to next-generation 

sequencing (NGS) to exclude possible off-target mutations during the recombination steps (see 

Figure 38). 

3.2.7. CRISPR/Cas9-mediated genome editing technology 

CRISPR/Cas9 technology was used to generate knockout (KO) cell lines targeting different 

interferon-stimulated genes (ISGs). For each gene of interest, two gRNAs targeting different 

parts of the ISG coding regions were designed using CRISPOR software 

(http://crispor.tefor.net) (Haeussler et al., 2016). Non-targeting control gRNAs were also 

generated (FFLuc gRNAs). The generated gRNAs (sequences are shown in Table 11) were 

cloned into the pLKO5 lentiviral vector to constitutively express the introduced gRNA under the 

control of the U6 promoter. An EF1α short promoter controls expression of SpCas9 with a P2A 

cleavage site followed by RFP, which allowed for selection by cell sorting. For the generation 

of double KOs (i.e., IFI35 and NMI), the gRNA targeting the second gene to be knocked-out 

was cloned into the SGL40C lentiviral vector, which only expresses the gRNA of interest, but 

not SpCas9, and the marker RFP657 allowing for a second round of selection of KO cells that 

http://crispor.tefor.net/
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have been previously generated using the pLKO5 vector (expression constructs are shown in 

Table 18). 

KO cell lines were generated by lentiviral transduction as described in Section 3.1.8. Briefly, 

HEK 293T cells (6-well plate format, 730,000 cells/well in 3 mL of culture medium) were 

transfected using Lipofectamine and 2,000 ng pLKO5 plasmid (harboring the respective gRNA) 

together with 400 ng pMD2.G and 1,600 ng psPAX2, envelope and packaging plasmids 

respectively (Table 16).  

16 hours post transfection, medium was exchanged with lentivirus harvest medium; and 48 

hours post transfection, lentiviruses were harvested and diluted 1:2 with the supplemented 

medium of the respective cell line to be transduced. Cells for transduction were seeded one 

day before in a 6-well format (250,000 HFF-1 or 300,000 Calu-3 cells). For transduction, the 

culture medium was replaced by medium containing lentivirus, and transduction was enhanced 

by centrifugation at 684 × g and 30°C for 90 minutes. 3 to 4 hours post transduction, medium 

was replenished with fresh complete medium of the transduced cell line. 72 hours post 

transduction, successfully transduced cells were sorted by flow cytometry for RFP signal 

(generated cell lines are listed in Table 20). Cas9-mediated KO was verified by immunoblotting 

(described in Section 3.3.2). 

3.2.8. siRNA-mediated knockdown of ZAP in HFF-1 cells 

siRNA-mediated knockdown of ZAP was performed in HFF-1 cells to verify the observed 

phenotype using CRISPR/Cas9 genome editing. The lyophilized pools of four siRNAs targeting 

the gene encoding human ZAP (Dharmacon, L-017449-01-0005) or a non-targeting control 

(Dharmacon, D-001810-10-20) were resuspended in nuclease-free H2O to obtain a final 

concentration of 50 μM. 750 ng of ZAP siRNA or non-targeting siRNA control complexed with 

Lipofectamine were diluted in OptiMEM and delivered by reverse transfection into HFF-1 cells 

(24-well plate format, 50,000 cells/well in 1 mL of culture medium). 48 hours post transfection, 

cells were infected with HCMV WT at an MOI of 0.1 and infection was enhanced by 

centrifugation at 684 × g and 30°C for 45 minutes. After centrifugation, cells were incubated at 

37°C and 7.5% CO2 for 30 minutes followed by replacement of virus-containing medium with 

fresh HFF-1 medium. At indicated time points post infection, cells were lysed for further 

analyses by immunoblotting (described in Section 3.3.2).  

3.3. Protein biochemical assays 

3.3.1. ISD and IFNβ stimulation to activate the type I IFN cascade 

To activate the type I IFN cascade and induce the expression of ISGs in HFF-1 cells (24-well 

plate format, 100,000 cells/well in 1 mL of culture medium) were seeded one day prior to 

stimulation. Next day, cells were mock-treated or stimulated with ISD or recombinant IFNβ.  
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For ISD stimulation, 0.5 µL ISD (annealed ISD mix [1 mg/mL]) were diluted in 50 µL OptiMEM. 

In parallel, 0.5 µL Lipofectamine 2000 were added to 50 µL OptiMEM. The Lipofectamine 2000 

mix was added to the ISD mix, followed by 15 minutes incubation time at room temperature. 

100 µL of the medium supernatant was removed from the cells and replaced by 100 µL of the 

complexed ISD (stimulation) or 100 µL of OptiMEM only (mock-treated condition). For IFNβ 

stimulation, the medium supernatant was removed from the pre-seeded cells and replaced by 

1 mL of recombinant IFNβ (20 ng/mL; stimulation) or 1 mL of HFF-1 medium (mock-treated). 

Cells were incubated at 37°C and 7.5% CO2, collected at specific time points, and subjected to 

immunoblotting analysis (described in Section 3.3.2). 

3.3.2. Immunoblotting  

Immunoblotting was performed for visualization and expression analyses of different proteins. 

Cells were lysed using radioimmunoprecipitation (RIPA) buffer supplemented with protease 

inhibitors and incubated in a rotating platform at 4°C for 30 minutes for efficient lysis. Cell 

lysates were centrifuged at 18,000 × g and 4°C for 10 minutes to remove cell debris. Cleared 

lysates were boiled in 1x SDS loading buffer at 95°C for 10 minutes, prior to loading onto self-

casted 10-15% SDS polyacrylamide gels (Table 9). In the case of glycosylated proteins, the 

lysates were subjected to PNGase F treatment according to manufacturer’s protocol. Briefly, 

17 µL of the lysate were incubated with 2 µL 10x GlycoBuffer 2 and 1 µL PNGase F at 37°C 

for 4 hours, followed by addition of 1x SDS loading buffer. For visualization of membrane 

proteins, the heating step was omitted and the SDS-containing lysates were incubated at room 

temperature for 1 hour. 

Proteins were then separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) by 

running the samples at a constant current of 20 mA per gel or 90-120 V. Next, proteins were 

transferred to polyvinylidene difluoride (PVDF) or nitrocellulose membranes using wet transfer 

and Towbin blotting buffer (350 mA for 1 hour at 4°C). Afterwards, membranes were blocked 

by incubation in 5% w/vol nonfat dry milk or 5% bovine serum albumin (BSA) in Tris-buffered 

saline with Tween 20 (TBS-T) for 1 hour at room temperature. 

Membranes were probed with the indicated primary antibodies diluted in 5% nonfat dry milk or 

5% BSA in TBS-T (dilutions are indicated in Table 7), followed by three 5 minutes washes with 

TBS-T and incubation with the respective secondary horseradish peroxidase (HRP)-coupled 

antibodies (Table 8). Membranes were subjected to three washing steps with TBS-T and 

incubated with SuperSignal West Pico chemiluminescence substrates for development. 

Immunoblots were imaged with a ChemoStar ECL imager (INTAS) and quantified using 

LabImage 1D software (INTAS). 

For immunoblotting of HCMV stocks, 5 x 104 PFU from purified virus preparations were diluted 

in RNase-free H2O, mixed with 4x SDS loading buffer, and boiled at 95°C for 10 minutes, 

followed by SDS-PAGE separation as described above. 
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3.3.3. Total proteome analyses using Liquid Chromatography with tandem mass 

spectrometry (LC-MS-MS) 

This methodology was performed within the Marie Curie network in collaboration with Prof. Dr. 

Andreas Pichlmair, Dr. Antonio Piras, and Dr. Christian Urban (currently at Technical University 

of Munich, formerly Max-Planck Institute for Biochemistry). This subsection can be found in 

Gonzalez-Perez et al. (2021), mBIO, DOI: 10.1128/mBio.02683-20. 

HFF-1 WT or ZAP KO (250,000 cells/well in a 6-well format) were infected with HCMV WT at 

an MOI of 0.1 and the infection was enhanced by centrifugation at 684 × g at 30°C for 45 min. 

The moment when the virus was added to the cells was defined as time point 0. After 

centrifugation, cells were incubated at 37°C for 30 minutes followed by removal of the virus-

containing medium, one wash with DMEM and replacement with fresh medium. At indicated 

time points, cells were washed with PBS once and then collected in 300 µl of fresh PBS per 

well. Cell pellets were frozen at -70°C. Two wells were combined to obtain a total of 

500,000 cells in total per condition. Quadruplicates of HCMV infected HFF-1 cells were 

analyzed at 48 and 72 hours post infection. For each replicate, cells were washed with PBS, 

lysed in SDS lysis buffer (4% SDS, 10 mM DTT, 50 mM Tris/HCl pH 7.6), boiled at 95°C for 5 

min and sonicated (4°C, 10 min, 30 sec on, 30 sec off; Bioruptor). Protein concentrations of 

cleared lysates were normalized and cysteines were alkylated with 5.5 mM IAA (20 min, 25°C, 

in the dark). SDS was removed by protein precipitation with 80% (v/v) acetone (-20°C, 

overnight), protein pellets were washed with 80% (v/v) acetone and resuspended in 40 µl U/T 

buffer (6 M urea, 2 M thiourea in 10 mM HEPES, pH 8.0). Protein digestion was performed by 

subsequent addition of 1 µg LysC (3h, 25°C) and 1 µg Trypsin in 160 µl digestion buffer (50 mM 

ammonium bicarbonate, pH 8.0) at 25°C overnight. Peptides were desalted and concentrated 

using C18 Stage-Tips as described previously (Hubel et al., 2019). Purified peptides were 

loaded onto a 50 cm reverse-phase analytical column (75 µm diameter; ReproSil-Pur C18-AQ 

1.9 µm resin; Dr. Maisch) and separated using an EASY-nLC 1200 system (Thermo Fisher 

Scientific). A binary buffer system consisting of buffer A (0.1% formic acid in H2O) and buffer 

B (80% acetonitrile, 0.1% formic acid in H2O) with a 120 min gradient [5-30% buffer B (95 min), 

30-95% buffer B (10 min), wash out at 95% buffer B (5 min), decreased to 5% buffer B (5 min), 

and 5% buffer B (5 min)] was used at a flow rate of 300 nl per min. Eluting peptides were directly 

analyzed on a Q-Exactive HF mass spectrometer (Thermo Fisher Scientific). Data-dependent 

acquisition included repeating cycles of one MS1 full scan (300–1,650 m/z, R = 60,000 at 

200 m/z) at an ion target of 3 x 106, followed by 15 MS2 scans of the highest abundant isolated 

and higher-energy collisional dissociation (HCD) fragmented peptide precursors (R = 15,000 

at 200 m/z). For MS2 scans, collection of isolated peptide precursors was limited by an ion 

target of 1 x 105 and a maximum injection time of 25 ms. Isolation and fragmentation of the 

same peptide precursor was eliminated by dynamic exclusion for 20 s. The isolation window of 

the quadrupole was set to 1.4 m/z and HCD was set to a normalized collision energy of 27%. 
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Raw files were processed with MaxQuant (version 1.6.14.0) using the standard settings and 

label-free quantification (LFQ) and match between runs options enabled. Spectra were 

searched against forward and reverse sequences of the reviewed human proteome including 

isoforms (UniprotKB, release 01.2019) and of the HCMV proteins (accession number 

EF999921.1) by the built-in Andromeda search engine (Tyanova et al., 2016a). 

The output of MaxQuant was analyzed with Perseus [version 1.6.14.0, (Tyanova et al., 2016b)], 

R (version 3.6.0), RStudio (version 1.2.1335) and GraphPad Prism (version 7.04). Detected 

protein groups identified as known contaminants, reverse sequence matches, only identified 

by site or quantified in less than 3 out of 4 replicates in at least one condition were excluded. 

Following log2 transformation, missing values were imputed for each replicate individually by 

sampling values from a normal distribution calculated from the original data distribution (width 

= 0.3*s.d., downshift = -1.8*s.d.). Differentially expressed protein groups between biological 

conditions were identified via two-sided Student’s T-tests corrected for multiple hypotheses 

testing applying a permutation-based FDR (250 randomizations). 

3.4. Microscopy methods 

3.4.1. Immunofluorescence  

Immunofluorescence was performed to visualize the localization of ZAP isoforms during HCMV 

infection, as well as the expression of the selected ISGs upon IFNβ treatment. 

For the subcellular localization of the main ZAP isoforms and to avoid detection of endogenous 

protein, ZAP KO HFF-1 cells were lentivirally transduced to singly express ZAP-S or ZAP-L as 

described in Section 3.1.8. Briefly, 2,000 ng pTRIP-IRES-RFP containing codon-optimized C-

terminally myc-tagged ZAP-S or ZAP-L together with 400 ng pCMV-VSV-G and 1,600 ng 

pCMV-gag/pol complexed with Lipofectamine were transfected into HEK 293T cells. Next day, 

medium was changed to lentivirus harvest medium and harvested 48 hours post transfection 

to lentivirally transduce the ZAP KO HFF-1 cells. 72 h post transduction, cells were counted, 

and 20,000 cells per well were seeded in a µ-Slide 8-well chamber slide. The next day, cells 

were mock-infected or infected with HCMV WT at an MOI of 0.1, and infection was enhanced 

by centrifugation at 684 × g and 30°C for 45 minutes. After centrifugation, cells were incubated 

at 37°C for 30 minutes, followed by replacement of virus-containing medium with fresh HFF-1 

medium. Cells were fixed 24 hpi with 4% paraformaldehyde (PFA) in PBS for 20 minutes at 

room temperature. Cells were washed three times with PBS, followed by permeabilization using 

0.4% Triton X-100 in PBS for 10 minutes at room temperature. Cells were washed three times 

with PBS prior to blocking with 4% BSA in PBS for 45 minutes. Next, cells were incubated and 

stained with the indicated primary antibodies and respective secondary antibodies coupled to 

Alexa488 dye, or Alexa647 dye, and Hoechst diluted in 4% BSA in PBS for 45 minutes at room 

temperature in the dark.  
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For visualization of the different ISGs, WT HFF-1 cells were seeded subconfluently on 12 mm 

glass coverslips (24-well plate format, 25,000 cells/well in 1 mL of culture medium). 

Approximately 6 hours later, when cells were attached, they were mock-stimulated or 

stimulated with recombinant IFNβ (20 ng/ML) as indicated in Section 3.3.1. Cells were fixed, 

permeabilized, and further processed as described above.  

With the exception that after the last washing step, the coverslips were mounted onto a glass 

slide using ProLong® Gold reagent and dried overnight at 4°C in the dark. 

The slides were imaged using a Nikon ECLIPSE Ti-E-inverted microscope equipped with a 

spinning disk device (Perkin Elmer Ultraview), and images were processed using Volocity 

software version 6.2.1 (Perkin Elmer). 

3.4.2. Proliferation measurement of WT and ZAP KO HFF-1 cell lines 

HFF-1 WT or ZAP KO cells (96-well plate format, 2,500 cells/well in 100 µL of culture medium) 

were seeded and placed directly into the IncuCyte S3 live-cell analysis system where cells were 

incubated at 37°C and 7.5% CO2. Plates were scanned every 4 hours for 5 days and images 

were taken using the phase contrast channel. Experiment was performed using biological 

triplicates. Analysis of the cell area confluence was performed using the IncuCyte S3 2019B 

integrated software. 

3.4.3. Activated caspase-3/-7 assay to assess apoptosis in WT vs. ZAP KO HFF-1 cells 

HFF-1 WT or ZAP KO cells (96-well plate format, 2,500 cells/well in 50 µL of culture medium) 

were seeded one day prior to infection. Next day, cells were mock-infected or infected with 

HCMV at an MOI of 0.1 for 2 hours at 37°C and 7.5% CO2. After the 2 hours incubation time, 

cells were washed once with fresh HFF-1 medium prior to addition of medium supplemented 

with Caspase-3/-7 Green Reagent (to a final concentration of 5 µM, dilution 1:1000). The cells 

were placed into the IncuCyte S3 live-cell analysis system for 30 minutes prior to scanning, 

allowing the plate to warm up to 37°C and reducing condensation on the lead. The plates were 

scanned every 3 hours during 5 days (120 hpi) using an objective of 10x. Images were acquired 

using the green fluorescence channel and analyzed using the IncuCyte S3 2019B integrated 

software. Activated caspase-3/-7 is able to cleave the green reagent, leading to the release of 

a DNA binding green fluorescent dye that labels the nuclear DNA of cells undergoing apoptosis 

(Figure 18). This way, green object counts per image were quantified. Experiments were 

performed in biological triplicates. 
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Figure 18. Schematic representation for the mechanism of action of Caspase-3/-7 Reagent. 
Activated caspase-3/-7 cleaves the green reagent through its DEVD recognition motif (depicted in dark 
blue) and releases a green fluorescent DNA-binding dye (represented in dark green). Apoptotic cells are 
recognized by fluorescence microscopy through detection of their nuclear DNA labeled with this green 
dye. 

3.5. RNA sequencing 

3.5.1. Total transcriptome analyses (RNA sequencing) 

This part of the work was performed in collaboration with Dr. Emanuel Wyler (group led by Prof. 

Dr. Markus Landthaler, Max-Delbrück Center for Molecular Medicine, Berlin, Germany). This 

subsection can be found in Gonzalez-Perez et al. (2021), mBIO, DOI: 10.1128/mBio.02683-20. 

HFF-1 WT, control and two independent ZAP KO cells (250,000 cells/well in a 6 well-plate 

format) were infected by centrifugal enhancement at 684 × g and 30°C for 45 minutes with 

HCMV WT at an MOI of 0.1. The moment when the virus was added to the cells was defined 

as time point 0. After centrifugation, cells were incubated at 37°C for 30 minutes followed by 

removal of the virus-containing medium and washed with fresh DMEM once. Medium was then 

replaced with previously conditioned medium (medium cells were originally seeded in, kept at 

37°C during the infection time). Cells were lysed at the indicated time points using Trizol for 

2 minutes at room temperature and kept at -70°C. Two wells were combined to obtain around 

500,000 cells per sample. Total RNA was isolated using the RNA clean and concentrator kit 

(Zymo Research), according to the manufacturer's instructions. Sequencing libraries were 

prepared using the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (NEB, 

cat #E7760) following polyA RNA enrichment (NEB cat #E7490) with 9 cycles PCR 

amplification, and sequenced on a HiSeq 4000 1x50 cycles flowcell. 

Alignments were done using hisat2 (Kim et al., 2015). Sequencing reads were aligned to the 

hg19 version of the human genome using standard parameter, using the Refseq gtf file 

downloaded from the UCSC genome browser. Reads were then quantified using quasR 

(Gaidatzis et al., 2015) and the above mentioned gtf file, or the HCMV TB40/E annotation 

(accession number MF871618). Differential expression and corresponding p-values were 

calculated using edgeR (McCarthy et al., 2012). Plots were created using ggplot2 (Wickham, 

2009) and pheatmap [version 1.0.12; (Kolde, 2019)]. 
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3.5.2. SLAM sequencing 

SLAM-sequencing was performed to determine the stability of host and viral transcripts upon 

infection with HCMV. This method was performed in collaboration with Prof. Dr. Florian Erhard 

(Julius-Maximilians University of Würzburg, Germany) and Prof. Dr. Lars Dölken (Helmholtz-

Institute for RNA-based Infection Research, HIRI, Würzburg, Germany). Dr. Thomas Hennig 

processed the samples. This subsection can be found in Gonzalez-Perez et al. (2021), mBIO, 

DOI: 10.1128/mBio.02683-20. 

HFF-1 WT or ZAP KO (g3) cells (250,000 cells/well in a 6-well format) were left untreated or 

infected with HCMV WT at an MOI of 0.1 and the infection was enhanced by centrifugation at 

684 × g at 30°C for 45 min. The moment when the virus was added to the cells was defined as 

time point 0.  

After centrifugation, cells were incubated at 37°C for 30 minutes followed by removal of the 

virus-containing medium, one wash with DMEM and replacement with fresh medium. Newly 

synthesized RNA was labelled with 4-thiouridine (4sU) for one hour prior to cell lysis. Cells were 

lysed at the indicated time points using Trizol for 5 minutes at room temperature and kept at -

70°C. Two wells were combined to obtain around 500,000 cells per sample. Total RNA was 

isolated using the DirectZOL kit (Zymo Research) according to the manufacturer’s instruction 

including the optional on-column DNAse digestion. The 4sU alkylation reaction was essentially 

performed as published before (Herzog et al., 2017). Briefly, 7.5 – 15 µg total RNA were 

incubated in 1x PBS (pH 8) containing 50% DMSO and 10 mM IAA at 50°C for 15 minutes. The 

reaction was quenched with 100 mM DTT and RNA purified using the RNeasy kit (Qiagen). 

Quality and integrity of total RNA was controlled on 5200 Fragment Analyzer System. The RNA 

sequencing library was generated from 100 ng total RNA using NEBNext® Single Cell/Low 

Input RNA Library to manufacture´s protocols. The libraries were sequenced on Illumina 

NovaSeq 6000 using NovaSeq 6000 S1 Reagent Kit (300 cycles, paired end run 2x 150 bp) 

with an average of 40 x 106 reads per RNA sample. 

SLAM-seq was performed in duplicates to identify newly synthesized and total RNA using 

GRAND-SLAM. Sequencing adapters (AGATCGGAAGAGCACACGTCTGAACTCCAGTCA, 

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT) were trimmed using Trimmomatic 

(v0.39) (Bolger et al., 2014). Reads were mapped to a combined index of the human genome 

(Hg38 / Ensembl v90) and the HCMV genome (accession number EF999921.1) using STAR 

(v2.5.3a) with parameters --outFilterMismatchNmax 20 --outFilterScoreMinOverLread 0.3 --

outFilterMatchNminOverLread 0.3 --alignEndsType Extend5pOfReads12 --outSAMattributes 

nM MD NH. GRAND-SLAM (v2.0.5d) (Jurges et al., 2018) was used to estimate the new-to-

total RNA ratios. The only parts used were those of the reads that were sequenced by both 

mates in a read pair (parameter -double) for the estimation. New RNA was computed by 

multiplying total RNA with the maximum a posteriori estimate of the new-to-total RNA ratio. For 

further analyses, all cellular genes that had less than 1 transcript per million transcripts (TPM) 
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in more than 6 (cellular genes) or 2 (viral genes) samples were removed. To remove artefacts 

due to imprecise quantification, all viral genes with less than 100 new reads were furthermore 

removed. Log2 fold changes were estimated using PsiLFC (Erhard, 2018) with uninformative 

prior (corresponding to no pseudocounts). Normalization factors were computed from total RNA 

such that the median log2 fold change was 0 and applied to both total and new RNA. 

3.5.3. Enhanced crosslinking and immunoprecipitation (eCLIP) sequencing 

eCLIP sequencing was performed to elucidate ZAP specific mRNA targets during HCMV 

infection. This part of the study was performed in collaboration with the group of 

Prof. Dr. Mathias Munschauer (Helmholtz-Institute for RNA-based Infection Research, HIRI, 

Würzburg, Germany). Sabina Ganskih processed the samples and prepared the library, and 

Yuanjie Wei performed part of the bioinformatics analyses together with Prof. Dr. Florian Erhard 

(Julius-Maximilians University of Würzburg, Germany). This subsection can be found in 

Gonzalez-Perez et al. (2021), mBIO, DOI: 10.1128/mBio.02683-20. 

HFF-1 WT cells (50 x 106 cells) were infected with HCMV WT at an MOI of 1 for 3 hours at 

37°C. After this time, cells were washed once with fresh DMEM and replace with fresh medium. 

20 hpi the cells were UV crosslinked using a BLX-254 VILBER Crosslinker equipped with 

254 nm light bulbs. Briefly, the culture medium was removed, cells washed once with ice-cold 

PBS followed by crosslinking on ice. Crosslink was performed at 254 nm and 0.8 J/cm2 UV 

light. Cells were collected by scraping using ice-cold PBS, followed by centrifugation at 400 × g 

at 4°C for 5 min. Cell pellet was washed once with ice-cold PBS and froze down in liquid 

nitrogen. Frozen cell pellets were lysed in 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 

1% (v/v) NP40, 0.5% NaDeoxycholate, 0.25 mM TCEP, and complete EDTA-free protease 

inhibitor cocktail. Subsequent steps were performed as described in the eCLIP protocol (Van 

Nostrand et al., 2016), with the following modifications. Immunoprecipitates were washed two 

times in 1 ml CLIP lysis buffer, two times in IP wash buffer (50 mM Tris-HCl pH 7.4, 300 mM 

NaCl, 1 mM EDTA, 1% (v/v) NP40, 0.5% sodium deoxycholate, 0.25 mM TCEP), followed by 

two washes in 50 mM Tris-HCl pH 7.4, 1 mM EDTA, 0.5% (v/v) NP40. All other steps were 

carried out as described in the eCLIP method. Briefly, following cell lysis, unprotected RNA was 

digested and ZAP was immunoprecipitated using a specific antibody. Crosslinked protein-RNA 

complexes were separated by SDS-PAGE, followed by nitrocellulose transfer. Bands migrating 

at the expected size range were excised and recovered RNA fragments were converted into a 

cDNA library according to the eCLIP procedure (Van Nostrand et al., 2016). Sequencing was 

performed using the NextSeq 500 technology. For immunoprecipitation reactions, a specific 

antibody against ZAP (ZC3HAV1) (Proteintech, 16820-1-AP) was used. 

Paired-end sequencing reads from eCLIP experiments were trimmed using a custom python 

script that simultaneously identified the umi-molecular identifier (UMI) associated with each 

read. Trimmed reads were then aligned to the HCMV genome (accession number EF999921.1) 
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and the human genome (Hg38 / Ensembl v100) using Burrows–Wheeler Aligner (Li and Durbin, 

2009) (v0.7.15-r1140). Next, we removed PCR duplicates using the UMI-aware deduplication 

functionality in Picard’s MarkDuplicates, and the generated .bam files were then split by strand 

using ‘samtools view -f/-F 16’ and converted to .bw (bigwig format) using bamCoverage 

(Ramírez et al., 2016).  

Finally, ZAP binding sites were identified as peaks that were enriched relative to a size-

matched input control. MACS2 (Zhang et al., 2008) (v2.2.7.1) callpeak was used with the 

parameters ‘-f BAM --keep-dup all --nomodel --extsize 50 --d-min 5 --scale-to small -B’. 

For comparing binding sites with gene expression (Figures 35B, Appendix A5A and B), all 

binding sites overlapping the annotated region of the gene were identified using custom scripts 

and the binding site with the strongest enrichment was used. For the binding preference 

analysis, the set of strongly expressed genes defined by our SLAM-seq data was used (see 

Section 3.5.2). For each of these genes, the sequences of the transcript isoform that had the 

most peaks (and the longest in case that more than one transcript had the same number of 

peaks) were extracted. Within each of these transcripts, dinucleotide counts inside and outside 

of the whole binding site regions defined by MACS2 were identified with a custom script for 

Figure 43B. Furthermore, the position directly upstream of the 5’ end of the second read of an 

eCLIP read pair was considered to be the site of crosslinking. Sequences +/-100 nt of the main 

crosslinking site (defined as the position in a transcript isoform having the maximal number of 

crosslinking events) were extracted from the transcript sequences (excluding introns), and 

dinucleotides were counted for each position by custom scripts for Figure 43C. DREME 

(version 5.0.1) (Bailey, 2011) was used to identify sequence motifs (with parameter -norc) in 

these sequences. 

3.6. Statistical analyses 

For qRT-PCR and genome copy number quantification, differences between data sets were 

evaluated after log transformation by Student's t‐test (unpaired, two‐tailed), using GraphPad 

Prism version 5.0 (GraphPad Software, San Diego, CA). P-values <0.05 were considered 

statistically significant. 

3.7. Data availability 

The mass spectrometry proteomics data have been deposited in the ProteomeXchange 

Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the data set 

identifier PXD023559.  

The raw sequencing data, including SLAM-seq, RNA-seq, and CLIP-seq, have been deposited 

in the NCBI GEO database, with the accession number GSE159853. 

The above-mentioned data sets are published (Gonzalez-Perez et al., 2021). 
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4. Results 

4.1. Study of a subset of interferon-stimulated genes (ISGs) upregulated early upon 

HCMV infection for their potential pro- or antiviral role 

A study published in 2014 by Weekes and colleagues provided a comprehensive temporal view 

of the changes in both host cell proteome and HCMV virome during productive HCMV infection 

using a proteomic approach in human fibroblasts (Weekes et al., 2014). The authors identified 

a subset of cellular proteins to be significantly upregulated at early stages of infection, following 

a rapid return to almost basal levels. Moreover, from the 84 identified proteins, only a small 

subset (20%) was significantly upregulated by infection with UV-irradiated virus, suggesting a 

possible regulation of cellular gene expression by transcriptionally active HCMV (Weekes et 

al., 2014). In addition, from the 84 cellular proteins highly upregulated during HCMV infection, 

a screening performed by Schoggins and colleagues in 2011 showed that 32 are commonly 

induced by IFN across multiple cell types, and thus could be classified as interferon-inducible 

proteins [Schoggins et al. (2011), shown in the Appendix Table A1 and Figure A1]. Schoggins 

and colleagues created a screening platform with the aim to uncover the role of specific ISGs 

in the context of infection with diverse virus families. Their study showed that some ISGs had 

antiviral effects, but, surprisingly, several others seemed to enhance the replication of certain 

viruses, showing a potential proviral activity, which unveiled another layer of complexity of the 

highly pleiotropic type I interferon system (Schoggins et al., 2011).  

These observations raised the question of how the upregulated ISGs identified by Weekes et 

al. (2014) during HCMV infection could affect HCMV, either by (i) acting as viral restriction 

factors, (ii) being counteracted by the virus, or even (iii) used by the virus for its own benefit. 

Therefore, the first objective of this study was to establish the screening platform used by 

Schoggins et al. (2011) to elucidate the possible role that some of these upregulated ISGs may 

play early during HCMV infection. For this purpose, a subset of ISGs was selected from the 

group that was found highly upregulated upon HCMV infection during the first 24 hours (shown 

in Appendix Table A1). This selection was based on a previous lack of characterization of these 

proteins in the context of HCMV infection, and on the availability of commercial antibodies for 

studying them (Figure 19A). The chosen candidates were interferon-induced 35 kDa protein 

(IFI35), N-myc interactor (NMI), interferon-induced protein 44 (IFI44), and zinc finger CCCH-

type antiviral protein 1 (ZC3HAV1, also known as ZAP).  
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Figure 19. IFI35, NMI, and ZAP are interferon-stimulated gene (ISG) products induced during 
HCMV infection. (A) Temporal profiles of protein levels for the selected ISGs upon productive infection 
with HCMV. Represented is the relative abundance of the indicated protein (y-axis) at different hours 
post infection (x-axis, showed as blue circles). The red dot indicates protein levels of samples taken 12 
hours after infection with UV-irradiated HCMV. Graphs obtained and modified from Weekes et al. (2014). 
(B) HFF-1 cells were mock-treated, stimulated with 20 ng/mL of IFNβ (left panel) or infected with HCMV-
GFP at an MOI of 1 (right panel) for 24 hours and ISG levels were detected by immunoblotting with the 
respective specific antibodies. Actin or tubulin were used as loading controls. Circles indicate the 
samples that were treated. Molecular weights are indicated on the left in kDa. (C) Expression of the 
selected ISGs in HFF-1 cells was analyzed by immunofluorescence in mock-treated cells or upon IFNβ 
treatment (20 ng/mL) with the respective specific antibodies. Scale bars represent 50 µm. 

First, to verify their expression in human fibroblasts (HFF-1), cells were stimulated with IFNβ or 

infected with HCMV for 24 hours, and protein levels were detected by immunoblotting with the 

respective specific antibodies. IFI35, NMI, and the long isoform of ZAP (ZAP-L) could be 

already detected in mock-treated cells, prior to any stimulation (Figure 19B). Moreover, upon 

both IFNβ treatment or HCMV infection, their expression was strongly upregulated, following 

the classical definition of ISGs and confirming the results observed by Weekes and colleagues 

(2014). Unfortunately, the commercially available antibody used to detect IFI44 did not show 

specific binding, thus IFI44 was not further pursued in this study (data not shown). The induction 

of the selected ISGs upon IFNβ treatment revealed the same trend using an 

immunofluorescence approach (Figure 19C). HFF-1 cells were either mock- or IFNβ-treated, 
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and ISG levels were determined by immunofluorescence using the specific antibodies 

described above. IFI35 and NMI localized mainly to the cytoplasm and they displayed a 

punctuate distribution, while ZAP showed a more homogenous distribution.  

To uncover the potential involvement of these cellular proteins during HCMV infection, two 

complementary approaches were pursued: (i) overexpression of the selected ISGs in HFF-1 

cells, and (ii) generation of knockout (KO) cell lines using the Cas9 genome editing technology. 

A flow cytometry-based screening was established to monitor HCMV modulation by the 

selected ISGs using a recombinant GFP-expressing HCMV reporter virus, previously described 

in Borst et al. (2013). 

4.1.1. Overexpression of the ISG candidates in HFF-1 cells 

The selected ISGs were overexpressed in HFF-1 cells by lentiviral transduction using a vector 

harboring an RFP reporter downstream of each ISG gene, which functions as a marker for ISG 

expression [described in Schoggins et al. (2011)]. The transduced cells were infected with a 

reporter HCMV virus expressing GFP under the control of the major immediate-early promoter 

of murine CMV (mMIEP) (Figure 16), thus serving as a reporter for immediate-early (IE) gene 

expression. MIEP activation and transcription of IE genes is the first step of the HCMV 

replication cycle and thus a good early marker for successful viral infection.  

GFP+ RFP+ double positive cells, representing HCMV infected and ISG expressing cells, 

respectively, were quantified by flow cytometry 24 hours post infection (hpi). The percentage 

of HCMV-GFP infected HFF-1 cells expressing the different ISGs (IFI35, IFI44, NMI or ZAP) 

was analyzed and, when compared to a FFLuc control (i.e., cells transduced with the Fluc 

luciferase gene instead of an ISG), served as an indicator of the modulation of transcription 

driven by the mMIEP in the presence of the corresponding ISG (Figure 20A). At 24 hpi, while 

IFI35- or IFI44-expressing cells (RFP+) did not show significant differences in GFP levels 

compared to the control, cells expressing NMI or ZAP showed higher expression levels of GFP 

(Figure 20B). These results suggest that the presence of the ISGs NMI and ZAP has an effect 

on GFP expression mediated by the mMIEP during HCMV infection.  
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Figure 20. HCMV infection of HFF-1 cells overexpressing selected ISGs. (A) HEK 293T cells were 
transfected with expression constructs for pTRIP-ISG, VSV-G, and gag-pol for lentivirus production. 
pTRIP-ISG constructs harbor the selected ISG and RFP as a marker. 48 hours after transfection, 
lentiviruses were harvested and HFF-1 cells were transduced. Cells were infected by centrifugal 
enhancement with HCMV-GFP (MOI 1) for 24 hours. The number of cells expressing RFP and/or GFP 
was determined by flow cytometry to investigate the possible regulation that the selected ISGs could 
play on murine MIEP (mMIEP)-driven transcription of GFP. Represented are the possible outcomes to 
be expected when compared to the control: (i) no significant differences observed suggests no impact 
of the studied ISG on GFP expression; (ii) higher GFP, or (iii) lower GFP levels would implicate a 
modulatory effect of the candidate ISG on GFP expression mediated by the mMIEP. (B) The number of 
infected, ISG-expressing cells (GFP+ RFP+) out of the total number of transduced RFP+ cells, 
representing expression of the ISG of interest, is depicted as bar plots showing the mean ± S.D. of 
biological duplicates. Results shown are one representative of at least two independent experiments. 
Significant changes were calculated using unpaired two-sided Student’s t tests; n.s., not significant; *, P 
< 0.05; and **, P < 0.01. RFP, red fluorescent protein; GFP, green fluorescent protein. 

4.1.2. Generation of knockout HFF-1 cell lines for the selected ISGs 

To verify the observed phenotypes, KO cell lines for the different ISGs were generated and 

compared to the overexpression system presented above. For that, HFF-1 cells were 

transduced with lentiviruses harboring a pLKO5 vector constitutively expressing a gRNA 

targeting the respective specific ISG (Table 18) and Streptococcus pyogenes Cas9 (SpCas9) 

followed by an RFP reporter, allowing for the sorting of cells producing actively the Cas9 

nuclease (Figure 21A). To verify the efficacy of genome editing, cells were treated with IFNβ to 

induce ISG expression. Results show that protein levels of all tested ISGs, IFI35, NMI, and 

ZAP, were strongly reduced (Figure 21B). Strikingly, by knocking out IFI35, a reduction in NMI 

protein levels could be also observed, and vice versa. These observations are in line with the 

notion that NMI can associate with IFI35 into a 300-400 kDa complex in the cytoplasm, 

stabilizing IFI35 (Chen et al., 2000). For this reason, a double KO cell line was generated 

targeting both IFI35 and NMI (Figure 21C). To achieve this, a specific gRNA for IFI35 (IFI35 
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gRNA 3) was subcloned into the SGL40C lentiviral vector, which expresses the RFP657 

(indicated as R657) protein and thus allows for selection using the far-red channel. This newly 

generated vector was used to lentivirally transduce the NMI KO cell line described above, which 

harbors its specific gRNA and stably expresses Cas9, and RFP+ R657+ cells containing both 

the NMI and IFI35 gRNAs were sorted by FACS successfully obtaining a double KO cell line 

(Figure 21C, Table 20). 

 

Figure 21. Generation of KO cell lines using Cas9 genome editing. (A) HEK 293T cells were 
transfected with expression constructs for pLKO5-gRNA, VSV-G, and gag-pol for lentivirus production. 
48 hours after transfection, lentiviruses were harvested and HFF-1 cells were transduced. Cells were 
sorted by FACS according to RFP+ expression levels, representing Cas9 expressing cells. (B) KO of the 
selected ISGs was verified by immunoblotting. IFNβ stimulation (20 ng/mL) was used to induce ISG 
expression and protein levels of the different ISGs were detected using the indicated antibodies. Tubulin 
was used as a loading control. Shown are WT, control KO (generated with FFLuc gRNA 1), IFI35 KO 
(IFI35 gRNA 3), NMI KO (NMI gRNA 1), and ZAP KO (ZAP gRNA 1). (C) Double KO for IFI35 and NMI 
in HFF-1 cells. The previously generated NMI KO cells, stably expressing NMI gRNA 1 and Cas9, were 
transduced with lentiviruses harboring IFI35-gRNA 3. RFP+ R657+ (i.e.; RFP657) cells were sorted by 
FACS using the red and far-red channels for co-expression of both gRNA constructs. Protein levels were 
detected by immunoblotting after IFNβ stimulation as previously indicated, using specific antibodies for 
IFI35 and NMI. Circles indicate the samples that were treated with IFNβ. Molecular weights are indicated 
on the left in kDa. 

4.1.3. Investigation of the effect of selected ISGs on mMIEP-driven GFP expression in 

the knockout HFF-1 cell lines 

Having generated the KO cell lines for the different ISGs, they were infected with the HCMV-

GFP reporter virus. A subset of the cells was pre-treated with recombinant IFNβ as a control, 

since IFNβ drastically reduces HCMV infection (Sainz et al., 2005; McSharry et al., 2015). Total 
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and GFP positive (GFP+) cells were quantified by flow cytometry and the percentage of GFP+ 

cells versus the total number of cells was used as an indicator for mMIEP activation (Figure 

22A). In line with the previous observations, where overexpression of ZAP seemed to positively 

regulate mMIEP-driven transcription of GFP (Figure 20B), ZAP KO cells showed significantly 

lower levels of GFP expression when compared to the non-targeted control cells (Figure 22B). 

With respect to NMI, a tendency toward reduced GFP levels was observed in cells lacking 

expression of this gene (NMI KO). Although not significant, this trend was in agreement with 

the overexpression approach, in which the presence of NMI increased GFP expression (Figure 

20B). Moreover, in this case, IFI35-deficient cells also showed a significant reduction in the 

levels of GFP, mirroring the effect observed with NMI KO cells likely due to the reduction in 

both ISGs after knocking out one or the other. 

 

Figure 22. HCMV-GFP infection of ISG KO HFF-1 cells. (A) Schematic overview of the experimental 
set up: HFF-1 KO cell lines for the selected ISGs or the corresponding non-targeted control (Ctl) were 
infected by centrifugal enhancement with HCMV-GFP (MOI 1) for 24 hours. GFP+ cells, representing 
mMIEP-driven GFP transcription, were analyzed by flow cytometry 24 hpi. IFNβ treatment was used as 
a control for reduced HCMV infection. (B) The percentage of GFP+ cells out of the total number of cells 
is represented as bar plots showing the mean ± S.D. of biological duplicates. (C)  WT or ZAP KO HFF-
1 cells were infected with HCMV-GFP as indicated in (A), followed by IE1 labeling at 48 hpi. Represented 
is the number of IE1+ cells/mL (log10) as bar plots showing the mean ± S.D. of biological triplicates. (D) 
Schematic representation of the hypotheses raised for the effect of ZAP on HCMV regulation, comparing 
ZAP-expressing and FFLuc control cells at a specific time point (depicted in gray and red, respectively). 
Compared to control cells, ZAP-overexpression could lead to (1) a stronger or (2) a delayed transcription, 
suggesting a positive or a negative effect, respectively. Represented are GFP protein levels driven by 
mMIEP (y-axis) over time (x-axis). Dashed lines indicate the time point at which the observation is made. 
Significant changes were calculated using unpaired two-sided Student’s t tests; n.s., not significant; *, P 
< 0.05; and **, P < 0.01. hpi, hours post infection; GFP, green fluorescent protein. 
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Since the ZAP ISG showed a consistent, strongly regulating phenotype, the next step was to 

study whether the GFP signal obtained from the HCMV-GFP reporter was representative for 

viral IE gene expression. For that, visualization and quantification of the viral IE1 protein was 

used as an alternative to detect immediate-early transcription, since the IE1 protein originates 

from the MIEP of HCMV. WT and ZAP KO HFF-1 cells were infected with HCMV-GFP as 

indicated above and IE1 positive cells were quantified at 48 hpi. Indeed, by performing IE1 

labeling, ZAP KO cells showed lower levels of IE1 protein (Figure 22C), in line with the previous 

observations. 

Altogether, the results obtained using NMI- and ZAP-overexpressing or KO cell lines indicated 

that these two ISGs may play a role in modulating immediate-early transcription during HCMV 

infection, suggesting their implication in HCMV regulation. Attending to these observations, and 

based on the published evidence that NMI interacts with IFI35 and that they seem to stabilize 

each other, the effect that NMI and IFI35 could have regarding viral regulation may be more 

visible when they are studied together. For that reason, double KO cell lines were generated 

for future studies (Figure 21C). As of now, no conclusive results were obtained in preliminary 

experiments performed with these cell lines (data not shown).  

Moreover, since ZAP regulation of HCMV was very apparent, it was selected as a candidate 

for further studying its possible implication during HCMV infection. The fact that the 

observations were made only at one time point (24 hpi) opened the possibility that ZAP could 

be either enhancing or negatively regulating mMIEP-driven transcription of the HCMV reporter 

virus employed in the experiments above. Thus, these observations raised two different 

hypotheses (Figure 22D): either (1) GFP transcription driven by the mMIEP was prolonged or 

stronger in the presence of ZAP, suggesting a positive effect of ZAP; or, on the contrary, (2) 

transcription started later than in control cells, suggesting a negative regulation role for ZAP. 

The latter would be evidenced as a shift in the production of the protein that cannot be observed 

when looking at only one point over time.  

In addition, with the aim to identify interaction partners of the studied ISGs, cell lines individually 

expressing the ISG of interest, or in combination in the case of IFI35 and NMI, were produced 

(data not shown). For this purpose, C-terminally V5-tagged versions of IFI35, IFI44 and ZAP, 

as well as a myc-tagged NMI were generated (Table 20). These cell lines were not further used 

in the present study but can be employed in proteomic analyses as part of future work. 
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4.2. Identification of ZAP as a restriction factor for HCMV and insights into the antiviral 

mechanism during infection 

[This section contains parts extracted and modified from Gonzalez-Perez et al. (2021) (DOI: 

10.1128/mBio.02683-20). This article was published under a CC-BY 4.0 license 

(https://creativecommons.org/licenses/by/4.0/), thus almost any type of re-use or re-production 

is allowed by the author, who retains the copyright.] 

Expression of the zinc finger protein ZAP is strongly induced after HCMV infection at early time 

points post infection, suggesting a possible role for this cellular protein in antiviral defense 

(Weekes et al., 2014). Indeed, such a possible involvement in modulating HCMV infection was 

also suggested by the results obtained during the preliminary FACS-based screening (Figure 

22). These observations together with its previous characterization as an antiviral protein for a 

diverse range of viruses (see Section 1.4.2) made ZAP a highly interesting candidate of study 

during HCMV infection. 

ZAP has two major isoforms, short (ZAP-S) and long (ZAP-L), which only differ in the inclusion 

of the C-terminal PARP-like domain in ZAP-L, described in Section 1.4.1 (Figure 10). As 

previously shown, ZAP-L was constitutively expressed in uninfected HFF-1 cells and its 

expression was only minimally induced at 24 hours upon HCMV infection or IFNβ treatment. 

Furthermore, ZAP-S levels were strongly elevated by both HCMV infection and IFNβ 

stimulation (Figure 19B). In the following sections, the kinetics of the ZAP are discussed in 

more detail. 

4.2.1. Generation of ZAP KO cell lines and characterization of ZAP expression kinetics 

To explore the possibility of ZAP shaping the course of HCMV infection, a total of three 

individual ZAP KO HFF-1 cell lines were generated using Cas9-mediated gene editing 

technology (using ZAP gRNA 1, gRNA 2 and gRNA 3, Table 18). A different gRNA was used 

to generate each of the cell lines, all targeting the first exon of Zc3hav1, and thus affecting the 

expression of both ZAP-S and ZAP-L (Figure 23A).  

The KO of the newly generated cell lines was verified by infecting the cells with HCMV to induce 

ZAP expression and monitor ZAP protein levels at different times post infection. Indeed, protein 

levels of both ZAP isoforms were strongly reduced in all three KO cell lines, indicating a high 

efficacy of the genome editing (Figure 23B). Moreover, to exclude differences in cell growth 

due to the absence of ZAP in the newly generated cell lines, cellular proliferation was measured 

by live-cell imaging and compared to that of WT cells (Figure 23C). This comparison revealed 

that both WT and ZAP KO cells exhibit similar growth over time until reaching a plateau after 3 

days, which likely corresponds to the maximal confluency on the plate. 

 

https://creativecommons.org/licenses/by/4.0/
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Figure 23. Generation of ZAP KO HFF-1 cell lines. (A) Schematic representation of the targeted 
positions for the three gRNAs within the first exon of the Zc3hav1 gene, leading to the generation of 
three independent ZAP KO HFF-1 cell lines. Numbers indicate the nucleotide position. (B) WT or the 
three different ZAP KO HFF-1 cells (ZAP gRNAs 1, 2, and 3, shown as g1, g2, and g3) were mock-
treated or infected by centrifugal enhancement with HCMV (MOI 0.1) for the indicated time points and 
ZAP protein levels were detected using a ZAP-specific antibody. Actin served as a loading control. 
Molecular weights are indicated on the left in kDa. (C) WT or ZAP KO (gRNA 1) HFF-1 cells (2,500 cells) 
were seeded and cellular proliferation was measured by live-cell imaging, acquiring images every 
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4 hours using the IncuCyte S3 live-cell analysis system. Represented is cell area confluence (%, y-axis) 
up to 5 days after seeding the cells, corresponding to day 0 (x-axis). 

In parallel to the generation of the ZAP KO cell lines, a control cell line was also generated 

using a non-targeting gRNA (control KO). For characterization, the levels of ZAP were 

monitored after infection in both WT and control KO cells (Figure 24A). The fact that the 

expression kinetics of ZAP remained similar in both cell lines demonstrated that stable Cas9 

expression had no effect on ZAP expression. 

 

Figure 24. Control of CRISPR/Cas9 technology and ZAP protein expression upon different 
stimuli. (A) WT (represented as circles) or the control KO (Ctrl, as triangles) HFF-1 cells were mock-
treated or infected by centrifugal enhancement with HCMV (MOI 0.1) for the indicated time points and 
cell lysates were subjected to immunoblotting to monitor ZAP protein levels using a ZAP- specific 
antibody. Actin served as a loading control. Molecular weights are indicated to the left in kDa. 
Quantifications of ZAP-S or ZAP-L band intensities, depicted in blue and green, respectively, were 
normalized to actin and represented as line graphs. (B-D) WT HFF-1 cells were mock-treated or 
subjected to different stimuli to induce ZAP expression: (B) HCMV infection, as indicated in (A), (C) ISD 
stimulation (5 µg/mL), or (D) IFNβ stimulation (20 ng/mL). Protein levels of both ZAP isoforms were 
monitored by immunoblotting using a ZAP-specific antibody. Actin served as a loading control. hpi; hours 
post infection. Figure 24A was modified from Gonzalez-Perez et al. (2021). 

To provide a better understanding of ZAP expression kinetics and to pinpoint when ZAP-S 

expression begins to increase after HCMV infection, ZAP protein levels were monitored at 

earlier time points, starting at 2 hpi. ZAP-S was detected at around 6 to 8 hours after HCMV 

infection and steadily increased over time. Moreover, late kinetics were included to study the 

stability of ZAP, which was still present after 72 hours, excluding the possibility of ZAP being 

actively degraded early by HCMV as an evasion mechanism (Figure 24B). 
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To exclude a modulation of ZAP protein expression by HCMV, ZAP protein induction was also 

tested by employing interferon stimulatory DNA (ISD) as a DNA sensor ligand to activate the 

cytosolic cGAS-STING signaling pathway. As expected, both ZAP isoforms followed similar 

kinetics to those observed with HCMV infection, indicating that HCMV does not modulate the 

expression kinetics nor the stability of ZAP during infection (Figure 24C). When the cells were 

treated with IFNβ, ZAP-S was detected at earlier time points (between 4- and 6-hours post 

stimulation) (Figure 24D). This earlier induction of ZAP was expected since IFNβ acts directly 

on the IFNAR signaling pathway and thus rapidly activates canonical ISGs, establishing a 

feedback loop that enhances their expression.  

In summary, Cas9 genome editing technology was successfully applied in HFF-1 cells for the 

generation of three different ZAP KO cell lines as well as control cells. When the pandemic 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in 2019, ZAP KO 

Calu-3 cell lines were generated as part of a collaboration with colleagues at the Helmholtz 

Institute for RNA-based Infection Research (HIRI) to decipher the role of ZAP during SARS-

CoV-2 infection. The human lung epithelial cell line Calu-3 was chosen for the generation of 

the KO since it is a good model of infection for human respiratory diseases, being susceptible 

to SARS-CoV-2 infection. Accordingly, two different ZAP KO cell lines were generated using 

gRNA 1 and 3, previously used for KO in HFF-1 cells, along with control KO cells (see Table 

20). The KO of ZAP was verified by monitoring ZAP protein levels after treatment with IFNβ 

(Appendix Figure A2).  

Moreover, the study of ZAP kinetics during HCMV infection revealed that ZAP-S is strongly 

induced upon HCMV infection whereas ZAP-L is constitutively expressed in uninfected cells, 

albeit also slightly induced after infection. In addition, both main ZAP isoforms appear overall 

stable throughout a complete viral cycle of HCMV replication, excluding early virus-mediated 

degradation. 

4.2.2. ZAP negatively affects HCMV genome replication with no significant changes in 

release of de novo synthesized viral particles  

Having generated the different KO cell lines, the next aim was to investigate the impact of ZAP 

on HCMV replication. For this purpose, HCMV viral growth was compared between WT, control 

KO, and ZAP KO HFF-1 cells. Cells were infected with HCMV at an MOI of 0.1 and 

supernatants were harvested at different time points up to 13 days post infection. The 

supernatants containing viruses were used to infect fresh WT HFF-1 cells and the viral 

immediate-early 1 (IE1) protein was detected by immunolabeling as a measurement for viral 

titers (Figure 25A). This allowed for the generation of a viral growth curve, which exhibited 

comparable viral growth between WT, control, and ZAP KO cells, indicating no differences in 

viral release in presence or absence of ZAP (Figure 25B). Moreover, the fact that WT and 

control KO cells showed comparable growth indicated that Cas9 expression did not affect the 
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HCMV replication cycle, as previously seen for ZAP expression (Figure 24A). Similar results 

were observed when using the reporter HCMV-GFP virus (Figure 25C). 

 

Figure 25. HCMV growth shows no difference on WT versus ZAP KO HFF-1 cells. (A) Schematic 
representation of the workflow to perform a multi-step growth curve (described in Section 3.1.7). WT, 
control KO, or ZAP KO (gRNA 1) HFF-1 cells were infected with HCMV (MOI 0.1) for 2 hours. 
Supernatants were harvested at the indicated time points, serially diluted and used to infect fresh HFF-
1 cells. Viral titers were determined by immunolabeling of the viral IE1 protein using a specific antibody. 
(B, C) Titers were calculated as IE1+ cells per mL and values are shown as log10 (y-axis) over 13 days 
(x-axis) for both HCMV (B) and HCMV-GFP (C) viruses. Experiments were performed in biological 
triplicates or duplicates, respectively. Inoculum (inoc.) is included as a reference for initial infection. dpi; 
days post infection. 

These results suggest that ZAP does not have an impact on viral growth, however, there is a 

possibility that a cellular limitation in viral particle production and export could be masking an 

effect of ZAP. Thus, to better elucidate a possible effect of ZAP on HCMV replication, viral 

genome copies were measured by quantitative PCR at 1, 3, and 5 days post infection (dpi) 

(Figure 26A). Day 1 post infection was included to verify that (i) a KO of ZAP did not affect viral 

entry and (ii) infection takes place to a similar extent within the different cell lines. Indeed, at 

this early time point, when HCMV has not started the first round of viral genome replication, no 

significant differences in the number of viral genome copies were detected (Figure 26B). After 

completing the first viral replication cycle, at day 3 post infection, HCMV genome copy numbers 

in both WT and control cells were significantly lower than those in ZAP KO cells, suggesting a 

negative effect of ZAP on HCMV genome replication. Moreover, 5 days after infection, WT and 

control cells showed still five times lower numbers of viral genome copies compared to ZAP 

KO cells (Figure 26B).  
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Taken together, these results demonstrate that ZAP negatively affects HCMV genome 

replication. However, this effect did not translate into differences in viral growth as measured 

by multi-step growth curves.  

 

Figure 26. ZAP negatively affects HCMV genome copy numbers. (A) Schematic representation of 
the workflow to determine HCMV genome copy numbers. WT, control KO, or ZAP KO HFF-1 cells were 
infected with HCMV at an MOI of 0.1 for 2 hours. Cells and supernatants were harvested together at the 
indicated dpi. DNA was extracted and further subjected to qPCR for quantification of viral genome copies. 
(B) HCMV genome copy numbers were determined in WT, control, and ZAP KO HFF-1 cells as indicated 
in (A). HCMV genome copy numbers/mL are displayed as bar plots showing mean ± S.D. of biological 
triplicates. Results shown are one representative of at least three independent experiments using two 
different ZAP KO cell lines (gRNA 1 and gRNA 3) with similar results obtained in all replicates. Significant 
changes were calculated using unpaired two-sided Student’s t tests; n.s., not significant; **, P < 0.01; 
***, P < 0.001; and ****, P < 0.0001. dpi; days post infection. This figure was modified from Gonzalez-
Perez et al. (2021). 

4.2.3. Viral DNA replication is negatively affected by both main isoforms of ZAP  

To address the question of which of the two major ZAP isoforms, ZAP-S or ZAP-L, contributes 

to the restriction of HCMV genome replication, reconstitution of ZAP KO cells with each isoform 

was performed independently. For that purpose, both ZAP isoforms were codon optimized to 

avoid recognition and cleavage by the stably expressed gRNA and Cas9 within the KO cell 

lines (Figure 27A, B). Expression of the newly generated constructs was tested in HEK 293T 

cells, showing that the protein levels of the codon optimized and WT isoforms were comparable, 

and demonstrating that codon optimization of the ZAP coding sequence did not negatively 

affect its protein expression (Figure 27C). 
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Figure 27. Codon optimization of the first exon of ZAP to avoid Cas9-recognition and cleavage. 
(A) Schematic representation of the recognition sites for the different gRNAs (gRNA 1, 2, and 3), 
depicted in red, within the first exon of ZAP (Zc3hav1, in light blue). Nucleotide changes are highlighted 
in yellow along the WT sequence and the mutated nucleotides are indicated below. Corresponding amino 
acids are indicated in capital letters above the codons. A, alanine; G, glycine; P, proline; D, aspartic acid; 
R, arginine; F, phenylalanine; V, valine; I, isoleucine; T, threonine; S, serine. (B) Alignment of the 
nucleotide sequences for ZAP WT (above) and codon optimized (below). Amino acids are indicated in 
capital letters along the sequence. Mutations are indicated with a hash (#). Numbers indicate the 
nucleotide position. (C) HEK 293T cells were transfected with either pEF empty vector (ev), pEF1-ZAP-
S-myc (WT), or pEF1-ZAP-S-myc codon optimized (opt.) (left panel) or with pEF1-ZAP-L-myc WT or 
codon optimized (opt.) expression constructs (right panel). Expression levels of ZAP were determined 
by immunoblotting using a specific antibody against ZAP. Actin served as a loading control. Molecular 
weights are indicated on the left in kDa. 

Next, ZAP KO cells were reconstituted by lentiviral transduction with either an empty vector 

control or the C-terminally myc-tagged forms of ZAP-S or ZAP-L (Figure 28A). Briefly, 

lentiviruses were produced by transfecting HEK 293T cells with either ZAP-S or ZAP-L 

expression constructs together with the packaging and envelope plasmids, expressing gag-pol 

and VSV-G, respectively. Lentiviruses harboring ZAP-S or ZAP-L were harvested and used for 

transduction of ZAP KO HFF-1 cells. Upon stable expression in ZAP KO HFF-1 cells, both ZAP-

S and ZAP-L localized to the cytoplasm and their subcellular localization seemed not altered 

under infected conditions (Figure 28B). 
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To elucidate the specific involvement of the ZAP isoforms in restricting viral replication, the 

reconstituted cell lines were infected with HCMV and genome copy numbers were measured 

as described above (Figure 26A). As control, WT and ZAP KO HFF-1 cells were transduced 

with lentiviruses harboring the empty vector (Figure 28C, D). Strikingly, reconstitution of ZAP 

KO cells with either ZAP-S or ZAP-L rescued the WT-like phenotype (Figures 28C and 28D, 

respectively). While HCMV genome copy numbers were similar in infected WT and ZAP-S or 

ZAP-L reconstituted cells, ZAP KO cells showed significantly higher viral copy numbers (as 

shown before in Figure 26B). There was a possibility that the C-terminal myc-tag of ZAP-L 

could be interfering with the CaaX prenylation motif and, therefore, with the prenylation of ZAP-

L and its correct subcellular localization. To exclude this, the viral genome copy numbers in 

ZAP KO cells expressing an untagged version of ZAP-L were also analyzed. Both myc-tagged 

and untagged ZAP-L had similar effects on HCMV replication (Figure 28E). 

Altogether, these results demonstrate that both ZAP-S and ZAP-L have a negative effect on 

HCMV genome replication. 

 

Figure 28. Both ZAP-S and ZAP-L restrict HCMV replication in HFF-1 cells. (A) Schematic 
representation of the workflow to reconstitute ZAP KO HFF-1 cells. HEK 293T cells were transfected 
with either myc-tagged ZAP-S or ZAP-L expression plasmids together with the packaging (gag-pol) and 
the envelope (VSV-G) plasmids to produce lentiviruses harboring ZAP-S or ZAP-L, respectively, followed 
by transduction of ZAP KO HFF-1 cells. As the control, WT and ZAP KO HFF-1 cells were transduced 
with lentiviruses harboring empty vector. (B) Subcellular localization of myc-tagged ZAP-S and ZAP-L 



Results 

104 

isoforms in reconstituted ZAP KO (gRNA 3) HFF-1 cells. ZAP KO cells were transduced as described in 
(A) and infected by centrifugal enhancement with HCMV (MOI 0.1) for 24 hours. Afterwards, cells were 
fixed for immunolabeling with specific antibodies against myc-tag and HCMV IE1. IE1; immediate-early 
protein 1. Nuclei were stained with Hoechst 33342. Scale bars represent 50 µm. (C, D) ZAP KO HFF-1 
cells were reconstituted with ZAP-S (C) or ZAP-L (D) as described in (A). As control, WT and ZAP KO 
cells were transduced with lentiviruses harboring the empty vector (ctrl). HCMV genome copy numbers 
from these cells were quantified as described in Figure 26A. Briefly, cells were infected with HCMV (MOI 
0.1) for 2 hours. Both cells and supernatants were harvested together at 1, 3, and 5 dpi, followed by DNA 
extraction and measurement of viral genome copies by qPCR. HCMV copy numbers/mL are displayed 
as bar plots showing the mean ± S.D. of one (C) or two (D) independent experiments performed with 
biological triplicates. At least two independent experiments for both ZAP-S and ZAP-L were performed 
employing ZAP KO cells harboring gRNA 1 or gRNA 3. (E) Genome copy numbers from WT, ZAP KO, 
or ZAP KO HFF-1 cells reconstituted with myc-tagged ZAP-S or untagged ZAP-L were measured as 
previously described. HCMV copy numbers/mL are displayed as bar plots showing the mean ± S.D. of 
one independent experiment performed with biological triplicates. ZAP KO cells harboring gRNA 3 were 
used. Significant changes were calculated using unpaired two-sided Student’s t tests, n.s., not 
significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001. dpi; days post infection. This 
figure was modified from Gonzalez-Perez et al. (2021). 

4.2.4. ZAP has a global effect on the viral proteome during HCMV infection 

Given the fact that the presence of ZAP has a negative impact in viral genome replication, the 

next step was to explore its possible antiviral mechanism(s). For that, the impact of ZAP was 

analyzed at different levels of the HCMV viral cycle. HCMV transcription follows a temporal 

cascade that initiates with the expression of immediate-early (IE) genes, which are translated 

into IE proteins at approximately 6 hpi. IE proteins transactivate the transcription of early (E) 

genes. Early proteins are produced around 18 to 20 hpi and are principally involved in viral 

DNA replication. The early proteins, together with a third classical cluster of the so-called early-

late (E-L) proteins that are expressed around 48 hpi, mediate the transcription and expression 

of late (L) genes, mainly encoding components of the viral capsid, envelope and tegument 

around 72 to 96 hpi, thereby completing the viral replication cycle (Stinski, 1978; Wathen and 

Stinski, 1982; Weekes et al., 2014). 

The first step was to elucidate whether ZAP has an effect on the viral proteome and, if so, which 

of the two major isoforms plays a role. To study this, protein levels of selected representative 

viral proteins were monitored during HCMV infection. For that, WT and the three ZAP KO cell 

lines were infected with HCMV and levels of the early UL44 and the late UL83 viral proteins 

were analyzed by immunoblotting. The results showed elevated protein levels of both UL44 

and UL83 viral proteins in the absence of ZAP, suggesting that the expression of ZAP 

negatively affects viral protein expression at early and late times of infection (Figure 29A). 

These observations were in line with the fact that ZAP affects viral genome replication as well, 

thus ZAP seems to play a role early during infection that manifests on early and late stages of 

HCMV replication. To verify the results obtained by using the ZAP KO cell lines generated by 

CRISPR/Cas9 and to rule out possible off-target effects caused by the use of this technology, 

siRNA-mediated knockdown was performed as an alternative readout (Figure 29B). WT HFF-

1 cells were transfected with either ZAP-siRNA or a non-targeting siRNA control, prior to 
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infection with HCMV as described above. The levels of representative viral proteins as well as 

ZAP were monitored by immunoblotting, in which the detection of ZAP protein levels served as 

a control for successful knockdown. In congruence with the results obtained with the CRISPR 

KO cell lines, the levels of the early UL44 viral protein were higher in cells treated with siRNA 

against ZAP compared to cells treated with siRNA control (Figure 29B), indicating that ZAP has 

a negative effect on HCMV viral protein levels. Moreover, the late viral protein UL83 also 

showed a similar trend (data not shown). 

 

Figure 29. Both ZAP isoforms exert a negative effect on viral protein levels during HCMV 
infection. (A) WT or ZAP KO HFF-1 cells were infected by centrifugal enhancement with HCMV (MOI 
0.1) for the indicated time points. Lysates were analyzed by immunoblotting using specific antibodies 
against the viral UL44, UL83, and actin (as a loading control). Quantifications of UL44 or UL83 band 
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intensities normalized to actin are represented as bar plots. Shown is one representative of three 
independent experiments performed in the three different ZAP KO cell lines (ZAP gRNA 1, 2, and 3), 
obtaining comparable results in all three experiments. (B) WT HFF-1 cells were transfected with a non-
targeting siRNA control (siCtrl) or ZAP siRNA (siZAP). Cells were mock-treated or infected with HCMV 
as described in (A) for the indicated time points, and lysates were subjected to immunoblotting analysis. 
Protein levels of ZAP, viral UL44 and actin were detected with specific antibodies. Quantifications of 
UL44 band intensities normalized to actin are indicated and represented as bar plots. Shown is one 
representative of two independent experiments. (C, D) ZAP KO HFF-1 cells were reconstituted with 
either myc-tagged versions of ZAP-S (C, left panel, in blue) or ZAP-L (C, right panel, in green), or 
untagged ZAP-L (D), as previously described in Figure 28A. As the control, WT and ZAP KO HFF-1 cells 
were transduced with lentiviruses harboring empty vector (ctrl). Cells were mock-treated or infected by 
centrifugal enhancement with HCMV (MOI 0.1) and lysates were analyzed at the indicated time points 
by immunoblotting with specific antibodies against ZAP, HCMV UL44, and actin. Quantifications of UL44 
band intensities normalized to actin are represented as bar plots. One representative of at least two 
independent experiments is shown, performed in two different ZAP KO cell lines (harboring gRNA 1 or 
gRNA 3). Colored circles attend to the legend in (D). Molecular weights (in kDa) are indicated to the left 
of each blot. hpi; hours post infection. Figures 29A, C, and D were modified from Gonzalez-Perez et al. 
(2021). 

To elucidate the involvement of each of the major ZAP isoforms, reconstitution assays on ZAP 

KO cells were performed as described above (Figure 28A) and UL44 protein levels were 

analyzed by immunoblotting (Figure 29C). Similar to the analysis of HCMV genome replication, 

reconstitution of ZAP KO cells with either myc-tagged ZAP-S or myc-tagged ZAP-L showed 

lower UL44 protein levels than in the absence of ZAP, and comparable levels to those present 

in WT cells. The observed rescue of the phenotype indicated that both main isoforms of ZAP 

are able to negatively affect viral protein expression during HCMV infection. Moreover, similar 

results were obtained when reconstituting the ZAP KO cells with an untagged version of ZAP-

L, which should exclude the interference of the tag with its prenylation site and correct 

localization and function (Figure 29D).  

Taken together, these results demonstrate that individual expression of either of the two major 

ZAP isoforms restricts not only HCMV genome replication, which was previously observed by 

genome copy number analysis, but also protein expression during early and late HCMV 

infection. 

In order to obtain a global temporal overview on the proteome landscape after knocking-out 

ZAP, total proteome analyses were performed. To achieve that, a cooperation with Prof. Dr. 

Andreas Pichlmair from Technical University of Munich (formerly at the Max Planck Institute of 

Biochemistry) was established within the framework of the Marie Curie training network. WT 

and ZAP KO HFF-1 cells were mock-treated or infected with HCMV for 48 and 72 hours, 

covering the early and late proteome landscape of viral gene expression. Whole-proteome 

analyses were performed using liquid chromatography with tandem mass spectrometry (LC-

MS/MS) (data deposited in the ProteomeXchange Consortium, identifier PXD023559). Overall, 

ZAP KO cells show a significant increase in viral protein levels compared to WT cells (Figure 

30A). In line with previous observations (Figure 29A, B), ZAP KO cells showed significantly 

higher levels of the early UL44 and the late UL83 viral proteins (Figure 30B). Furthermore, the 
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proteome analysis revealed other viral proteins that were significantly upregulated in the 

absence of ZAP. For instance, ZAP KO cells showed higher levels of the early protein UL84 at 

48 hpi, which is involved in viral DNA replication (Figure 30C), or the late proteins UL103 and 

UL104 at 72 hpi (Figure 30D), corresponding to late kinetics, as for UL83. 

In summary, these results demonstrate with different, complementary methodologies that ZAP 

affects viral protein expression during early and late stages of HCMV infection. 

 

Figure 30. ZAP exerts a global impact on the HCMV proteome during infection. (A) WT and ZAP 
KO (harboring gRNA 1) HFF-1 cells were mock-treated or infected by centrifugal enhancement with 
HCMV (MOI 0.1), and cell lysates were subjected to total proteome LC-MS/MS analysis at the indicated 
time points. Represented are volcano plots (x-axis, log2 fold change; y-axis, -log10 P-value) showing 
differentially expressed proteins at 48 and 72 hpi (unpaired two-sided Student’s t test with permutation-
based FDR, 0.05; S0, 0.1). (B to D) Time-resolved expression changes of the HCMV UL44 and UL83 
proteins (B), UL84 (C), UL103, or UL104 (D) in HCMV-infected WT and ZAP KO HFF-1 cells are 
displayed as bar plots showing the mean ± S.D. of quadruplicates. Significant changes were calculated 
using unpaired two-sided Student’s t tests, n.s., not significant; *, P < 0.05; **, P < 0.01; and ***, 
P < 0.001. hpi; hours post infection. This figure was modified from Gonzalez-Perez et al. (2021). 

4.2.5. ZAP has a global negative effect on the viral transcriptome, decelerating HCMV 

infection 

Considering that ZAP affects viral replication and protein levels during HCMV infection, the next 

step was to elucidate whether this effect is already observed at the transcriptional level. It is 
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well-established that ZAP recognizes and directly binds to RNA (Guo et al., 2004) and 

subsequently mediates its degradation by recruiting the exosome machinery (Guo et al., 2007; 

Zhu et al., 2011). To decipher whether ZAP affects viral transcript levels during HCMV infection, 

mRNA levels of the early UL44 and late UL83 viral transcripts were analyzed. For that, WT and 

ZAP KO HFF-1 cells were infected with HCMV and qRT-PCR was performed at different stages 

of the HCMV infection cycle. Indeed, UL44 and UL83 mRNA levels were significantly lower in 

the presence of ZAP in WT cells, compared to ZAP KO cells (Figure 31A). These results mirror 

the protein analyses and indicate that ZAP negatively influences the levels of these early and 

late viral transcripts. Moreover, in line with previous observations, reconstitution of ZAP KO 

cells with either ZAP-S or ZAP-L rescued the observed phenotype in WT cells (Figure 31B).  

Altogether, these results suggest that the two major isoforms of ZAP, ZAP-S and ZAP-L, 

negatively affect HCMV mRNA levels at early and late stages of infection.  

 

Figure 31. Both ZAP isoforms, ZAP-S and ZAP-L, negatively affect transcription of early and late 
HCMV genes. (A) WT or ZAP KO HFF-1 cells were infected by centrifugal enhancement with HCMV 
(MOI 0.1). After the indicated time points, total RNA was extracted and mRNA levels of the early UL44 
and late UL83 HCMV transcripts were measured by qRT-PCR. Viral mRNA relative expression (log10) 
normalized to GAPDH is displayed as bar plots showing the mean ± S.D. of three independent 
experiments with experimental duplicates, performed in three different ZAP KO cell lines (gRNA 1, 
gRNA 2, and gRNA 3). (B) ZAP KO HFF-1 cells were reconstituted with either ZAP-S or ZAP-L myc-
tagged isoforms as previously described. As the control, WT and ZAP KO HFF-1 cells were transduced 
with lentiviruses harboring empty vector (ctrl). Cells were infected as described in (A) followed by qRT-
PCR for viral genes measurement. Viral mRNA relative expression (log10) normalized to GAPDH is 
displayed as bar plots showing the mean ± S.D. of two independent experiments performed with 
experimental duplicates. Significant changes were calculated using unpaired two-sided Student’s t tests, 
n.s., not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001. hpi; hours post infection. 
This figure was modified from Gonzalez-Perez et al. (2021). 
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To better understand the effect of ZAP on the viral gene expression cascade over time, the 

whole transcriptome landscape during HCMV infection was analyzed. This was done in 

collaboration with Dr. Emanuel Wyler from the Max-Delbrück Center for Molecular Medicine in 

Berlin (NCBI GEO database, accession number GSE159853). WT, control KO cells, and two 

independent ZAP KO cell lines (i.e., ZAP gRNA 1 and gRNA 3) were mock-treated or infected 

with HCMV. As control, untreated samples were included in the analysis. Lysates were 

harvested at different time points covering the HCMV life cycle, followed by total RNA extraction 

and transcriptome analysis by RNA-sequencing (RNA-seq) (Figure 32A). First, to exclude any 

possible effect originated by differences on the PRR-mediated host response during HCMV 

infection, induction of ISGs was analyzed and compared between all different cell lines. Indeed, 

HCMV infection led to a robust and overall similar induction of ISGs in the employed cell lines, 

indicating that the absence of ZAP does not have an effect on the interferon response 

(Appendix Figure A3). In order to study the temporal progression of HCMV gene expression, 

the relative temporal gene expression of each specific gene was calculated by measuring the 

mRNA abundance per time point relative to the abundance over all time points. Genes were 

then clustered into nine groups, based on the values obtained in WT cells. These were grouped 

from immediate-early to late expression, broadly corresponding to a previously published and 

well-established classification (Weekes et al., 2014) (Figure 32B, Appendix Figure A4). To 

simplify the temporal distribution of the viral genes, the average relative expression levels of 

the genes within each cluster were calculated and represented as a heat map (Figure 32B). 

Strikingly, the temporal expression patterns of most clusters were shifted to earlier time points 

in both ZAP KO cell lines compared to WT and control KO cells (i.e., harboring the non-targeted 

gRNA). For instance, ZAP KO cells showed high expression levels of the viral transcripts UL138 

or long non-coding RNA 2.7 (Appendix Figure A4). Of particular note, these viral transcripts 

have been previously identified in multiple studies in relation to the latent phase of HCMV 

(Goodrum et al., 2007; Umashankar et al., 2011; Rossetto et al., 2013), a notion that is currently 

changing and is becoming increasingly associated with a late lytic replication program 

(Shnayder et al., 2018). While the effect of earlier expression patterns in ZAP KO cells was not 

uniform, it was particularly strong for some clusters such as cluster 7, containing the transcripts 

UL141, US27, and US28, or cluster 8 (i.e., UL4, UL5, UL6, UL148A). 

Moreover, as a verification of the findings originated from the RNA-seq, mRNA levels of a 

selection of HCMV transcripts were measured by qRT-PCR, as representative individual 

transcripts (Figure 32C). To do that, WT and ZAP KO HFF-1 cells were infected with HCMV 

following the same procedure as for RNA-seq and mRNA levels of the selected HCMV 

transcripts were determined by qRT-PCR. Indeed, ZAP KO cells showed higher levels of the 

measured viral mRNAs compared to WT cells, confirming the RNA-seq findings. 
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Figure 32. ZAP decelerates the HCMV infection cascade. (A) WT, control KO, and two independent 
ZAP KO (gRNA 1 and gRNA 3, shown as g1 and g3, respectively) HFF-1 cell lines were untreated (UT), 
mock-treated, or infected by centrifugal enhancement with HCMV (MOI 0.1). Total RNA was extracted 
at 8, 24, and 72 hpi, and subjected to total transcriptome analysis. (B) Relative temporal expression 
levels of gene clusters and selected individual genes are represented as a heat map. Expression of 
HCMV genes was quantified from the RNA-sequencing and relative temporal expression levels 
calculated by dividing, per-sample, normalized expression values (fpkm) to the sum of these values from 
the same gene over all samples/time points. Based on these values, genes were clustered in nine groups 
representing kinetic classes. Shown are the averages of replicates and clusters, as well as averages of 
replicates of representative individual genes. g1 and g3 indicates ZAP KO cell lines generated with gRNA 
1 or gRNA 3, respectively. (C) WT or ZAP KO HFF-1 cells were infected by centrifugal enhancement 
with HCMV (MOI 0.1). Total RNA was extracted at the indicated time points, followed by qRT-PCR for 
measurement of mRNA levels of a selection of HCMV transcripts. Viral mRNA relative expression (log10) 
normalized to GAPDH is displayed as bar plots showing the mean ± S.D. of the combination of two 
independent experiments performed with experimental duplicates in ZAP KO gRNA 3 cell lines. 
Significant changes were calculated using unpaired two-sided Student’s t tests, n.s., not significant; *, 
P < 0.05; **, P < 0.01; ***, P < 0.001; and ****, P < 0.0001. hpi; hours post infection. This figure was 
modified from Gonzalez-Perez et al. (2021). 
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In summary, ZAP KO cells show an accelerated course of HCMV infection and appear to more 

rapidly reach an intracellular environment associated with a late lytic gene expression program. 

Taken together with the earlier findings on viral protein levels found in this same study, these 

results indicate that ZAP delays the progression of the HCMV infection cycle, which is reflected 

in the decelerated course of the viral gene expression cascade. These observations also raise 

the question of whether ZAP might exert its regulation on viral transcripts directly, affecting their 

expression or stability, or through other, indirect effects. 

4.2.6. ZAP does not affect viral transcriptional activity at early stages of HCMV infection 

The presence of ZAP could be either affecting mRNA stability of IE transcripts, likely by 

targeting their mRNA for degradation, or regulating IE gene expression on a transcriptional 

level, possibly by affecting important factors for the transcriptional machinery (Guo et al., 2007; 

Zhu et al., 2011). To investigate this, two different previously published HCMV reporter viruses, 

mMIEP-GFP (Borst et al., 2013) and hMIEP-IE2-YFP (Wagenknecht et al., 2015) depicted in 

Figure 33A, were used. Expression of the GFP protein and the IE2-YFP fusion protein is under 

the control of the major immediate-early promoter (MIEP), which regulates viral IE gene 

expression of UL123 (IE1) and UL122 (IE2). Since the UL123/UL122 locus cannot be 

manipulated without affecting viral replication, the GFP sequence was inserted at a different 

location of the HCMV genome and its expression is controlled by the MIEP of the HCMV 

homologue MCMV to avoid competition with UL123 and UL122 gene expression (described in 

Figure 16). On the one hand, mMIEP-GFP HCMV was used as a transcriptional reporter to 

monitor the promoter activation of IE gene expression. On the other, IE2-YFP HCMV was used 

as a translational reporter to monitor IE2 protein expression and stability (Figure 33A). 

Upon infection of WT and ZAP KO cells with mMIEP-GFP HCMV, GFP expression was 

comparable in the presence or absence of ZAP (Figure 33B), indicating that ZAP does not 

affect transcriptional activation important for driving immediate-early gene expression. 

Strikingly, in ZAP KO cells, starting at 30 hpi, IE2-YFP levels were elevated compared to WT 

cells (Figure 33C), suggesting that ZAP presence may affect IE2 transcripts. 

Taken together, these results showed that the presence of ZAP leads to lower IE2 protein 

levels, possibly by negatively affecting mRNA stability or translation, considering that no impact 

on MIE promoter activation was observed in the presence or absence of ZAP. 
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Figure 33. ZAP presence does not alter mMIEP-driven activation but negatively affects IE2-YFP 
protein levels. (A) Schematic representation of HCMV mMIEP-GFP and hMIEP-IE2-YFP reporter 
viruses. GFP expression is regulated by the MIEP of murine CMV. IE2-YFP is a fusion protein, which 
expression is under the control of the natural HCMV MIEP (hMIEP). (B, C) WT or ZAP KO (gRNA 3) 
HFF-1 cells were infected by centrifugal enhancement with HCMV mMIEP-GFP or hMIEP-IE2-YFP (MOI 
0.1) and GFP or YFP expression was monitored at the indicated time points using the IncuCyte S3 live-
cell analysis system. GFP (B) or YFP (C) expression was calculated and is represented as total area 
(µm2/image) showing the mean ± S.D. of two biological replicates.  

4.2.7. ZAP binds and destabilizes the HCMV UL4 and UL5 transcripts early during 

infection 

The results observed above suggest that ZAP may affect RNA stability or translation rather 

than having an effect at the transcriptional level. Indeed, ZAP was previously described to be 

involved in RNA stability by targeting and leading RNA for degradation (Guo et al., 2007; Zhu 

et al., 2011). Therefore, to investigate the mechanism(s) by which ZAP interferes with HCMV 

infection, RNA stability of WT and ZAP KO cells was analyzed during HCMV infection. For this 

purpose, newly synthesized RNA was labeled for 1 hour using 4-thiouridine (4sU) at different 

time points after HCMV infection. Samples were subjected to SLAM-seq (thiol-linked alkylation 

for the metabolic sequencing of RNA) (Herzog et al., 2017). Untreated cells were included in 

the analyses as a control. Newly synthesized and total RNA was identified and quantified using 

the computational approach GRAND-SLAM, termed “globally refined analysis of newly 

transcribed RNA and decay rates using SLAM-seq” (Jurges et al., 2018) (Figure 34A). This 

experiment was performed in collaboration with Prof. Dr. Florian Erhard from the Julius-

Maximilians University Würzburg and the data was deposited in NCBI GEO database with 

accession number GSE159853. 
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Changes in the stability of the cellular transcriptome are discussed further under Section 4.4. 

For viral transcripts, a 4- to 12-fold upregulation in ZAP KO cells could be observed on both 

total RNA as well as newly synthesized RNA levels at late stages of infection (i.e., 72 hpi) 

(Figure 34B). This indicates that the upregulation on total RNA levels in ZAP KO cells at late 

times of HCMV infection is predominantly due to an increase in transcription rates, likely as a 

reflection of greater infection, and not due to an increase in RNA stability. This excludes the 

hypothesis that ZAP destabilizes HCMV transcripts at late stages of infection. 

At an earlier stage of infection (i.e., 18 hpi), the upregulation of viral transcripts in ZAP KO cells 

compared to WT cells was much weaker and below 2-fold for genes with significant expression 

levels (>10 transcripts per million, TPM), with the exception of UL4 and UL5, which were 6-fold 

upregulated (Figure 34C). Remarkably, the upregulation in total RNA was not paralleled by the 

upregulation of newly synthesized RNA. This illustrates that at 18 hpi, a small subset of viral 

transcripts, including UL4 and UL5, is destabilized in the presence of ZAP. These observations 

lead to the conclusion that ZAP directly interferes with the expression of distinct viral genes 

early during infection at the posttranscriptional level, which, as a secondary effect, results in 

substantially weaker transcription of viral genes at later time points. 

 

Figure 34. ZAP negatively affects the stability of a subset of early HCMV transcripts. (A) WT and 
ZAP KO (gRNA 3, g3) HFF-1 cells were left untreated (UT) or infected by centrifugal enhancement with 
HCMV (MOI 0.1). Newly synthesized RNA was labeled with 4-thiouridine (4sU) for 1 h prior to cell lysis, 
and lysates were taken at 18 and 72 hpi, followed by RNA purification. UT cells were lysed after 1 hour 
of 4sU treatment. SLAM-seq was performed to identify newly synthesized and total RNA using GRAND-
SLAM. (B, C) Represented are log2 fold changes of cellular and viral genes (n = 12,652) for total (x-axis) 
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and newly synthesized RNA (y-axis) at 72 (B) and 18 hpi (C). Values represent the mean of two biological 
replicates. Weakly expressed viral genes are indicated (< 10 TPM). Dashed lines demarcate 2-fold 
differences in regulation of total versus newly synthesized RNA. hpi, hours post infection; TPM, 
transcripts per million. This figure was modified from Gonzalez-Perez et al. (2021). 

To determine the physical RNA binding sites of ZAP during HCMV infection, a collaboration 

with Prof. Dr. Mathias Munschauer (HIRI, Würzburg) was established to perform enhanced 

crosslinking and immunoprecipitation in combination with RNA sequencing analysis (eCLIP-

seq) (42). To do so, WT HFF-1 cells were infected with HCMV at a high MOI (MOI of 1) and 

crosslinked by UV at 20 hpi, with the aim of studying ZAP binding preferences at early stages 

of infection, in line with previous observations. ZAP was immunoprecipitated using a specific 

ZAP antibody that recognizes both ZAP isoforms (Figure 35A). Findings regarding preferred 

targets of ZAP along the host transcriptome will be discussed in Section 4.5.1.  

With the data obtained from the eCLIP-seq, ZAP binding sites were identified within the viral 

transcriptome and mapped to the open reading frames (ORFs) of the HCMV genome. 

Strikingly, only 15 binding sites were found that exceeded an enrichment of >5-fold over input, 

12 of which could be mapped to an ORF of the HCMV genome (NCBI GEO database, 

accession number GSE159853, Appendix Table A2). Of note, five of those mapped to the UL4-

UL6 locus. Thus, this data showed that at early stages of infection, ZAP only binds to a small 

number of sites within the viral transcriptome, and those are concentrated in the previously 

uncharacterized UL4-UL6 locus of HCMV. Transcripts originating from this locus follow IE to 

early expression kinetics, but to date no study has identified a biological function for them or 

shown an implication for HCMV at early stages of infection.  

Next, to elucidate whether the transcripts bound by ZAP undergo some regulation, the ZAP 

binding sites identified by eCLIP-seq were directly compared with the regulation seen at 18 hpi 

by SLAM-seq. For that, the log fold change difference in total versus newly synthesized RNA 

(i.e., the deviation from the diagonal line in Figure 34C) was plotted against the overall 

expression strength in the WT cells, and for each ORF the most strongly enriched binding site 

was determined (Figure 35B, colored according to their strongest binding site from black, if no 

binding site was detected, to red). As shown before, viral transcripts expressed from the UL4-

UL6 locus were by far the most strongly destabilized (Figure 34C), with a strong temporal shift 

upon ZAP depletion (Figure 32B, Figure A4, cluster 8). Moreover, the eCLIP-seq analysis 

revealed that at 18 to 20 hpi these transcripts were, within the scope of the applied 

methodology, the only direct targets of ZAP with a substantial enrichment over input (Figure 

35B, C). It is worth noting that the SLAM-seq data indicated that transcription at this locus stops 

at a polyadenylation signal (PAS) inside the UL6 ORF and that a sixth binding site annotated 

upstream of the UL4 ORF, which was not considered in the previous analysis, was also located 

on a transcript expressed from this locus (Figure 35C). 
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Figure 35. ZAP directly binds to the viral UL4 and UL5 transcripts early during HCMV infection. 
(A) WT HFF-1 cells were infected with HCMV (MOI 1) and at 20 hpi, cells were UV-crosslinked to create 
covalent bonds between nucleic acids and associated proteins. Following cell lysis, unprotected RNA 
was digested and endogenous ZAP was immunoprecipitated using a ZAP-specific antibody. Crosslinked 
protein-RNA complexes were separated by SDS-PAGE, followed by transfer onto nitrocellulose. Bands 
migrating at the expected size range were excised, and recovered RNA fragments were converted into 
a cDNA library. IP samples and size-matched input were subjected to sequencing according to the eCLIP 
protocol. The crosslinking site is depicted as a star. (B) Scatterplot comparing the deviation of KO versus 
WT fold changes in newly synthesized RNA from total RNA (x-axis) against the total expression level in 
WT (y-axis) at 18 hpi. Viral open reading frames (ORFs) are colored according to their strongest binding 
site (in terms of enrichment over input RNA) or shown in black if no binding site was detected. Cellular 
genes are shown in gray for comparison. TPM; transcripts per million. (C) Genome browser showing the 
UL4-UL6 locus of HCMV. The tracks indicate the position in the HCMV genome, the ORF positions, 
polyadenylation signals (PAS), binding sites called by MACS2 with the indicated enrichment values, the 
normalized coverage of eCLIP reads (input in ochre, IP in green), and the normalized coverage by SLAM-
seq reads at 18 hpi (ZAP KO cells in red, WT cells in gray). This figure was modified from Gonzalez-
Perez et al. (2021). 

Altogether, these observations provide clear evidence that ZAP destabilizes viral transcripts 

originating from the HCMV ORFs UL4 and UL5 by directly binding to several sites within their 

mRNAs, and strikingly these are the most prominent targets of ZAP among the HCMV 

transcriptome at early stages of infection. 
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4.3. Importance of the viral products UL4 and UL5 during HCMV infection 

The previous results show that during early stages of HCMV infection, the presence of ZAP 

exerts a negative effect on viral replication and leads to a delay in the viral life cycle. 

Furthermore, this study demonstrates that ZAP binds specifically to viral transcripts originating 

from the UL4-UL5 viral locus, leading to their destabilization (Figure 35B). However, it remains 

unaddressed whether this early and specific effect of ZAP on the transcripts originating from 

the UL4-UL5 locus could be implicated in the observed delay in the progression of the HCMV 

infection cycle. 

Both UL4 and UL5 viral proteins belong to the HCMV RL11 family, which comprises a group of 

membrane-associated proteins. The involvement of these proteins in immune evasion has 

been suggested by different studies, although their biological functions are still poorly 

understood (Lilley et al., 2001; Atalay et al., 2002; Davison et al., 2003b; Cortese et al., 2012; 

Corrales-Aguilar et al., 2014). Thus, the next aim was to explore these viral products and 

investigate their impact during HCMV infection. 

For this purpose, first, temporal kinetics of UL4 and UL5 were studied by qRT-PCR. Secondly, 

different mutant viruses targeting the expression from the UL4-UL5 viral locus were generated 

to explore its effect on HCMV infection. 

4.3.1. The transcription of UL4-UL5 follows immediate-early to early kinetics during 

HCMV infection 

Given the lack of previous studies on the transcripts originating from the UL4-UL5 locus, the 

first step was to examine their temporal expression kinetics during HCMV infection. To do that, 

WT and ZAP KO HFF-1 cells were infected with HCMV and sampled at different time points 

covering the entire HCMV viral life cycle. RNA was extracted and analyzed by qRT-PCR with 

a pair of primers that target the 5’ region of UL4 and, thus, allow the detection of the bicistronic 

transcript (Figure 36A). UL4-UL5 transcripts were already detected at 16 hpi, in accordance 

with their previously proposed immediate-early to early kinetics (Gao et al., 2015). Their mRNA 

levels reached their maximum at 48 hpi, remaining at the same level at 72 hpi. As a positive 

control for infection, the early UL44 viral transcript was also monitored, for which mRNA was 

detected at 6 hpi with a considerable increase throughout the viral replication cycle (Figure 

36B). Moreover, in line with previous observations, both UL4-UL5 and UL44 mRNA levels were 

significantly reduced in WT compared to ZAP KO HFF-1 cells over the course of infection, 

confirming the negative effect that the expression of ZAP exerts on these viral transcripts 

(Figure 36A, B). 
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Figure 36. The UL4-UL5 bicistronic transcript follows immediate-early to early kinetics and is 
negatively affected by the presence of ZAP. (A, B) WT or ZAP KO (gRNA 3) HFF-1 cells were infected 
by centrifugal enhancement with HCMV (MOI 0.1). Total RNA was extracted at the indicated time points 
post infection, and mRNA levels of the HCMV UL4-UL5 (A) or HCMV UL44 (B) transcripts were 
measured by qRT-PCR. Viral mRNA relative expression (log10) normalized to GAPDH is displayed as 
bar plots showing the mean ± S.D. of the combination of two independent experiments performed with 
experimental duplicates. Significant changes were calculated using unpaired two-sided Student’s t tests; 
n.s., not significant; ***, P < 0.001; and ****, P < 0.0001. hpi; hours post infection.  

The UL4-UL5 bicistronic locus codes for three transcripts sharing the same 3’ end, but starting 

within different 5’ ends: two following early kinetics (1.5 and 1.7 kbp) and one shorter transcript 

with late kinetics (1.4 kbp) (Figure 37A). Within this same genomic region, two low abundant 

transcripts encoding a short isoform of UL5 are also found, which follow late kinetics (Chang et 

al., 1989a; Chang et al., 1989b; Zhang et al., 2007; Gao et al., 2015). To better understand 

viral expression from this locus and to pinpoint the temporal kinetics of the different transcripts 

originating from it, different primers were designed. One set (designated as set 1, and 

previously used to elucidate the kinetics of transcripts from the UL4-UL5 gene locus in Figure 

36A) was designed to target the 5’ region of the UL4 mRNA sequence, and thus it was 

employed to detect the larger bicistronic transcripts encompassing UL4-UL5 (see Figure 37A, 

represented as blue arrows). In parallel, a second set (set 2) was designed to evaluate the 

expression kinetics of the short UL5 transcripts, targeting the UL5 downstream of the internal 

AUG start codon, and thus, aiming to detect both the bicistronic UL4-UL5 and the short UL5 

transcripts (see Figure 37A, represented as orange arrows). A direct comparison between the 

transcript levels detected with set 2, which measured the abundance of all transcripts, and the 

levels detected by using set 1, which only detected the bicistronic mRNAs, would allow the 

determination of the expression for the shorter UL5 transcripts. 

WT HFF-1 cells were infected with HCMV (at an MOI of 0.1), followed by total RNA extraction 

at different time points along the viral life cycle and measurement of viral transcripts by qRT-

PCR using the primers described above (Figure 37B). Transcript levels for the bicistronic UL4-

UL5 transcripts were detected from 16 hpi onwards (primer set 1). For the detection of the short 

transcripts, the potential difference between the levels observed using set 1 and set 2 was 

analyzed. According to this approach, no difference in transcript levels was observed before 

48 hpi. At 72 hpi, transcript levels detected by set 2 where significantly higher compared to the 
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transcript levels detected by set 1, representing the incoming short UL5 transcript that follows 

late kinetics (Figure 37B). 

Taken together, these observations are in line with the temporal kinetics previously described 

by Gao et al. (2015), in which UL4-UL5 transcripts are expressed with immediate-early to early 

(IE/E) kinetics, likely leading to expression of UL4 and full-length UL5 proteins; and after 48 to 

72 hpi the late transcripts are detected, coding for the short isoform of UL5 protein. 

 

Figure 37. Transcription kinetics of the UL4-UL5 transcript during HCMV infection. (A) Schematic 
representation of the HCMV ORFs UL4, UL5, and UL6 (depicted in gray). Represented below are the 
transcripts originating from this locus (with their respective sizes indicated in kilobase pairs, kbp). The 
bicistronic transcripts, depicted in blue, lead to the production of the UL4 and UL5 proteins at early stages 
of infection, whereas the short, late transcripts, in orange, would translate for the short isoform of UL5. 
Arrows indicate the binding site of the designed primers targeting only the bicistronic UL4-UL5 (set 1, in 
blue) or both the bicistronic and the late UL5 transcripts (set 2, in orange). Green triangles indicate the 
ATG starting codons within the HCMV genome that have been described in the literature (Anselmi et al., 
2020). (B) WT HFF-1 cells were infected by centrifugal enhancement with HCMV (MOI 0.1). Total RNA 
was extracted at the indicated time points post infection, and qRT-PCR was performed including the 
above-mentioned primers. Viral mRNA relative expression (log10) normalized to GAPDH is displayed as 
bar plots showing mean ± S.D. of the combination of two independent experiments performed with 
experimental duplicates. Significant changes were calculated using unpaired two-sided Student’s t tests; 
n.s., not significant; **, P < 0.01; and ***, P < 0.001. hpi; hours post infection. 

4.3.2. UL4 and UL5 importance during HCMV infection 

To understand the importance of the viral UL4 and UL5 proteins during HCMV infection, the 

UL4-UL5 locus was manipulated to affect its translation following the two-step en passant BAC 

mutagenesis technique [described in Tischer et al. (2010) and Section 3.2.6)]. Two different 

viruses were generated using this method: (i) a UL4-UL5 deletion mutant (hereinafter referred 

to as ΔUL4-UL5) and (ii) a UL4-stop mutant (Figure 38A, B). The former one was generated by 
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excising the whole UL4-UL5 genome locus and the later by introducing a stop cassette within 

the UL4 ORF, in order to terminate UL4 protein translation but maintaining its transcription. For 

a schematic overview of the BAC mutagenesis approach, refer to Figure 17 in the Methods 

Section. 

 

Figure 38. Schematic representation of the generated HCMV BAC DNAs. (A, B) Alignments of the 
nucleotide sequences for ΔUL4-UL5 (A) or UL4-stop (B) HCMV BAC mutants (upper DNA strand) and 
WT (lower DNA strand). The respective sequencing chromatograms are shown. (A) ΔUL4-UL5 was 
generated by deleting the UL4-UL5 gene locus, affecting both UL4 and UL5 ORFs. (B) UL4-stop was 
generated by inserting a stop cassette (GGCTAGTTAACTAGCC) at nucleotide position 4 within the UL4 
ORF (i.e., immediately downstream of its start codon). Mutations are represented in red. For more 
information, refer to the Methods Section 3.2.6. 

Briefly, the pEP-Kan-S template was amplified with primers designed to contain homologous 

sequences within the HCMV genome flanking the regions of the desired mutation (Table 13, 

see Figure 17). For the generation of the UL4-stop virus, the primers contained homologous 

regions flanking the start of the UL4 coding region and a stop cassette sequence. For the ΔUL4-

UL5 mutant, the primers contained homologous sequences flanking the region to be deleted, 

i.e.; the UL4 and UL5 ORFs. The amplified PCR product was then transformed into E. coli 

GS1783 by electroporation. The utilized E. coli GS1783 harbors an inducible Red recombinase 

system, the I-SceI endonuclease and the chloramphenicol (Cm) resistant TB40/E-BAC4, which 

allows the integration of the electroporated DNA and selection of the cointegrants by means of 

antibiotic resistance acquisition. Km-Cm resistant clones were selected and successful 

integration confirmed by colony PCR. Afterwards, arabinose-mediated induction of the I-SceI 

restriction enzyme led to the specific cleavage within the I-SceI restriction site located in the 

Km resistance cassette. Induction of the Red recombinase system again allowed for the second 

recombination to occur, excising the Km resistance from the BAC DNA, followed by selection 

of Cm resistant-Km sensitive clones. 
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For virus reconstitution, endotoxin-free HCMV BAC DNAs were isolated from the E. coli and 

the regions of interest sequenced. Moreover, to confirm the integrity of the BAC, a restriction 

digest was performed (data not shown, refer to Table 28). Finally, the BAC DNAs for both 

mutants were fully sequenced by next-generation sequencing at the HZI research group 

Genome Analytics (GMAK) to exclude mutations due to bacterial transformations. 

For the preparation of virus stocks, BAC DNAs were transfected into MRC-5 cells and further 

amplified to generate virus stocks using HFF-1 cells, as described in Sections 3.1.1 and 3.1.2. 

Viral titers were determined by IE1 labeling and plaque assay, as indicated in the Methods 

Section.  

Next, the newly generated HCMV mutant viruses were characterized by analyzing their 

infectivity in comparison with WT virus. For this, WT HFF-1 cells were infected using different 

MOIs and cells expressing the viral IE1 protein (i.e., IE1+) were quantified by immunolabeling 

after 16 hpi (Figure 39A). The number of IE1+ cells was comparable in cells infected with WT 

and ΔUL4-UL5 (Figure 39B) or UL4-stop (Figure 39C) HCMV viruses at a given MOI, indicating 

similar infectivity between the different viruses. Based on these results, the same MOI was 

used during the next infection assays for each one of the viruses. Moreover, to further 

characterize the mutant viruses, their tegument composition was analyzed by measuring the 

levels of different viral proteins. For this, the volume corresponding to 50,000 PFUs was taken 

from the virus stocks and prepared as lysates for immunoblotting to detect the viral tegument 

proteins UL35 and UL83 (Figure 39D). When compared to the protein levels on WT virus, both 

mutants showed slightly higher levels of the UL83 tegument protein, which were more apparent 

for UL35 protein.  

Altogether, two different mutant viruses were successfully generated by en passant BAC 

mutagenesis affecting the UL4-UL5 HCMV locus. Overall, the newly generated viruses showed 

similar infectivity rates as WT HCMV. 
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Figure 39. Characterization of the generated HCMV mutants. (A) Schematic representation of the 
workflow to determine the infection efficiency by IE1 labeling. WT HFF-1 cells were infected with either 
HCMV WT, ΔUL4-UL5, or UL4-stop mutants at the indicated MOIs. Cells were fixed after 16 hours, 
followed by IE1 labeling, as described in Section 3.1.3. (B, C) IE1 positive (IE1+) cells are depicted as 
bar plots showing the mean ± S.D. of biological triplicates of WT virus vs. ΔUL4-UL5 (B) or UL4-stop (C) 
mutants. (D) 50,000 PFUs were taken from the virus stocks of the indicated viruses, separated on an 
SDS-PAGE gel and the viral tegument proteins UL35 and UL83 were detected using specific antibodies. 
Quantification of UL35 and UL83 band intensities is indicated below their respective band, where the 
value obtained for UL4-stop virus stock was setup to a 100 for better comparison. Molecular weights (in 
kDa) are indicated on the left. IE1, immediate-early 1 protein from HCMV. 

Having generated the mutant viruses, next it was sought to explore whether the observed delay 

in viral infection in the presence of ZAP (Sections 4.2.2 to 4.2.5) could be related to its specific 

binding to these viral RNA products and their subsequent destabilization. To achieve this, WT 

HFF-1 cells were infected with WT or the mutant viruses and viral genome copy numbers were 

measured as an indicator of viral replication (Figure 40A). The rationale of this experimental 

design was to address the possible impact of the products originating from the UL4-UL5 locus 

on viral infection by covering the following different scenarios (Figure 40B): first, the use of the 

ΔUL4-UL5 virus would show the possible effect that the viral products UL4 and/or UL5 could 

have on viral replication. If an effect on viral replication would be observed after comparing WT 
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and ΔUL4-UL5 mutant HCMV, which lacks both protein and transcripts, these differences 

would raise the question whether there is an effect on the protein or the RNA level (Figure 40B, 

left panel). Thus, a positive effect in WT virus infection could be due to (i) the activity of either 

the viral UL4 and/or UL5 proteins, which could enhance viral fitness (i.e., effect at protein level), 

or (ii) the presence of the UL4 and/or UL5 transcripts, which could be acting as a decoy 

mechanism used by the virus to sequester ZAP and escape its antiviral activity (i.e., effect at 

the RNA level). Secondly, to further explore this hypothesis, the UL4-stop virus was generated, 

which expressed the UL4 and/or UL5 transcripts but not the UL4 protein, since translation was 

disrupted by the insertion of the stop cassette. In theory, on the one hand, the lack of significant 

differences between the UL4-stop and the ΔUL4-UL5 viruses would indicate that the cause of 

enhanced WT HCMV viral replication is not the presence of the transcript but rather the activity 

of the UL4 protein, highlighting its importance during HCMV infection (Figure 40B, case a). On 

the other hand, if the UL4-stop mutant rescued the phenotype observed with the WT virus (i.e., 

increased viral replication), it would reveal the importance of the transcript during HCMV 

infection (Figure 40B, case b). Lastly, in the event that the comparison between WT and ΔUL4-

UL5 viruses showed no significant differences in infection (Figure 40B, right panel), it would be 

inferred that UL4 and/or UL5 are dispensable for HCMV replication in this context.  

 

Figure 40. The viral UL4 and UL5 proteins do not seem to have a negative effect on HCMV genome 
replication. (A) Schematic representation of the workflow to determine HCMV genome copy numbers. 
WT HFF-1 cells were infected with either HCMV WT, ΔUL4-UL5, or UL4-stop mutants (MOI 0.1) for 2 h. 
Genome copy numbers were analyzed as described in Section 3.2.3. HCMV WT expresses the UL4-
UL5 transcript and both proteins, while ΔUL4-UL5 is devoid of the whole gene locus, and UL4-stop 
expresses the UL4 and/or UL5 transcripts with a stop cassette negatively affecting translation of UL4. 
(B) Schematic representation of the hypotheses raised for the effect of UL4 and/or UL5 on HCMV 
replication using the indicated viruses and measuring viral copy number/mL (y-axis). Infection with 
HCMV WT or ΔUL4-UL5 might (left panel) or might not (right panel) generate significant differences in 
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viral replication. If differences were observed, infection with UL4-stop virus, which expresses the viral 
transcript that serves as a direct target of ZAP, could either (a) have no effect or (b) rescue the phenotype 
observed with WT HCMV. In the latter scenario, a possible role of UL4-UL5 transcripts as decoy for ZAP 
could be suspected. (C) Cells were infected as indicated in (A) and HCMV copy numbers/mL are 
displayed as bar plots showing the mean ± S.D. of biological duplicates. Shown is one presentative of 
two independent experiments with similar results. (D) IE1 labeling in WT HFF-1 cells infected with WT, 
ΔUL4-UL5, or UL4-stop HCMV at 12 hpi. Experiment performed in parallel to (C). IE1 positive (IE1+) 
cells are represented as bar plots showing the mean ± S.D. of biological triplicates. hpi, hours post 
infection; dpi, days post infection. 

The results shown in Figure 40C demonstrate that no difference in viral genome copy numbers 

were observed at day 3 post infection when comparing infection between WT and the mutant 

virus ΔUL4-UL5, suggesting that the presence of UL4 and/or UL5 does not have an effect on 

viral replication. In addition, neither infection with the UL4-stop virus, lacking UL4 protein 

expression, showed significant difference in viral replication, supporting that the viral UL4 

protein may not be important for replication. 

Including day 1 post infection allowed to control for similar infectivity when employing the 

different viruses (i.e.; WT, ΔUL4-UL5, and UL4-stop). At this early time point, infection with the 

different viruses resulted in comparable levels of infection (Figure 40C). As a different readout, 

levels of the viral IE1 protein were monitored by immunolabeling at 12 hpi (Figure 40D). Indeed, 

at this early stage when the viral life cycle is starting, infection of WT cells with each of the three 

viruses showed no significant differences in the number of IE1+ cells. This demonstrated 

comparable viral uptake between viruses, allowing a more reliable interpretation of the infection 

outcome. 

In summary, here the impact of the viral UL4-UL5 transcript and/or proteins on HCMV 

progression was assessed by comparing HFF-1 cells infected with HCMV WT or the two 

different mutants ΔUL4-UL5 and UL4-stop. When comparing infection between WT and ΔUL4-

UL5, no differences were observed in viral DNA replication, which suggests that the presence 

of these viral proteins does not have an effect on viral replication, at least in the experimental 

settings addressed in this section. In line with these results, neither the use of the UL4-stop 

virus showed significant differences, supporting that the viral UL4 protein may not be involved 

in HCMV replication. The effect of UL5 alone would need further investigation.  

According to these findings, the delay previously observed in the presence of ZAP could be 

exerted through means other than ZAP-specific binding and destabilization of these viral 

products. However, these are preliminary results and further experiments need to be performed 

to better address this question. For instance, performing these infections in a ZAP KO 

background would be of great interest since avoiding degradation of these transcripts by ZAP 

might provide more robust differences, if any. 
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4.4. Studying the impact of ZAP during HCMV infection on the cellular level 

The zinc finger protein ZAP has been previously described to be involved in RNA stability or 

decay by targeting RNA for degradation, affecting not only viral but also cellular transcripts and 

thus exerting a regulation at the cellular level as well (for additional information, refer to Section 

1.4.3.1). Consequently, it was sought to investigate the possible effects of ZAP on the cellular 

transcriptome both under uninfected conditions and during HCMV infection. This section 

explores and extends to the cellular level some of the observations made by analyzing the 

transcriptome data generated during this study. 

4.4.1. ZAP destabilizes cellular transcripts involved in apoptosis with an effect at late 

stages of the HCMV replication cycle 

To study the impact of ZAP on the cellular transcriptome during HCMV infection, WT and ZAP 

KO cells were infected with HCMV and newly synthesized RNA was labelled with 4sU for 1 

hour at 17 and 71 hpi. SLAM-seq was performed as described above (Section 4.2.7) (Herzog 

et al., 2017), in collaboration with F. Erhard, and rates between newly synthesized and total 

RNA were calculated using the computational approach GRAND-SLAM (Figure 41A) (Jurges 

et al., 2018). As a control, untreated cells were included in the analysis. In agreement with 

previous studies, significantly higher levels of TNFRSF10D total RNA were found in ZAP KO 

cells, in both uninfected cells and in the context of HCMV infection (Figure 41B, C). 

TNFRSF10D encodes for the pro-survival protein TRAIL receptor 4 (TRAILR4), a human cell 

surface receptor that belongs to the TNF-receptor superfamily and serves as a decoy for the 

pro-apoptotic cytokine TRAIL. TRAILR4 was previously described to be targeted by ZAP at the 

mRNA level, promoting its degradation and, therefore, leading to TRAIL-mediated apoptosis 

(Todorova et al., 2014). Moreover, the previously undescribed, anti-apoptotic factor ZMAT3 

was found in the present work to be upregulated in ZAP KO cells compared to WT cells. This 

gene encodes the zinc finger matrin-type protein 3, also known as zinc finger protein Wig-1. 

ZAP KO cells showed higher levels of ZMAT3 transcripts in uninfected conditions, which 

became more apparent upon HCMV infection (Figure 41B, C). The SLAM-seq results revealed 

that while these two cellular transcripts were upregulated in ZAP KO cells in total RNA, no 

differences were observed in the transcription of newly synthesized RNA, where RNA levels 

were similar between WT and ZAP KO cells (Figure 41B). This shows that in the absence of 

ZAP, the anti-apoptotic cellular transcripts TNFRSF10D and ZMAT3 have a longer half-life and 

indicates that ZAP has an impact on their degradation, but not on their transcription. Moreover, 

these observations were confirmed by measuring their mRNA levels by qRT-PCR (Figure 41C). 

In addition, ZAP KO cells reconstituted with either ZAP-S or ZAP-L rescued the observed 

phenotype in WT cells, indicating that both ZAP isoforms could play a role in controlling the 

expression of these cellular transcripts prior and during HCMV infection. 
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Figure 41. Presence of both ZAP-S and ZAP-L leads to a reduction in the levels of the cellular 
transcripts TNFRSF10D and ZMAT3. (A) Schematic representation of the SLAM-seq approach for the 
identification of total and newly synthesized RNA using GRAND-SLAM. Briefly, WT and ZAP KO (gRNA 
3, g3) HFF-1 cells were left untreated (UT) or infected by centrifugal enhancement with HCMV (MOI 0.1). 
Newly synthesized RNA was labeled with 4sU for 1 h prior to cell lysis at the indicated time points, 
followed by RNA purification. (B) Time courses of log2 fold changes of cellular (in gray) and viral (HCMV, 
in red) genes (n = 12,652) for total (upper panel) and newly synthesized (lower panel) RNA in ZAP KO 
versus WT HFF-1 cells. The values represent the mean of two biological replicates. TNFRSF10D and 
ZMAT3 are indicated in yellow and purple, respectively. (C) WT, ZAP KO, or ZAP KO HFF-1 cells 
reconstituted with either ZAP-S (represented in blue) or ZAP-L (in green) were mock-treated or infected 
by centrifugal enhancement with HCMV (MOI 0.1). As the control, WT and ZAP KO cells were transduced 
with lentiviruses harboring empty vector. Total RNA was extracted at 24 hpi and qRT-PCR for cellular 
TNFRSF10D and ZMAT3 mRNA was performed. Cellular mRNA relative expression normalized to 
GAPDH is displayed as bar plots showing the mean ± S.D. of experimental duplicates. One 
representative of two independent experiments is shown. hpi; hours post infection. This figure was 
modified from Gonzalez-Perez et al. (2021). 

These findings pointed to the negative effect of ZAP on the stability of the aforementioned 

cellular transcripts involved in apoptosis. Therefore, the next step was to explore whether this 

effect at the cellular transcriptome level could lead to differences in apoptosis between WT and 

ZAP KO cells and ultimately influence the restriction that ZAP exerts on HCMV infection. For 

this purpose, apoptosis rates in HCMV-infected WT, control KO, or ZAP KO HFF-1 cells were 

determined by analyzing caspase-3/-7 activity. To do that, mock- or HCMV-infected cells were 

treated with caspase-3/-7 reagent (Sartorius) and monitored for green fluorescence using the 

IncuCyte S3 live-cell analysis system (Figure 42A). Adding this green reagent to the tissue 

culture medium allows for visualization of cells undergoing apoptosis, since this non-fluorescent 

substrate can be cleaved by activated caspase-3 and -7. This cleavage leads to the release of 

a DNA binding fluorescent dye and staining of nuclear DNA within the apoptotic cell (for a 

detailed overview, refer to Figure 18). Using this method, the number of apoptotic cells could 

be quantified and compared between WT and ZAP KO cells. Indeed, the presence of ZAP in 
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both WT and control KO cells led to a significant increase in the number of apoptotic cells 

compared to cells lacking ZAP, under both non-infected (mock) and HCMV-infected conditions 

(Figures 42B and 42C, respectively). However, it is worth noting that differences in the level of 

apoptosis could only be observed after 72 hours, the point at which a viral cycle has been 

completed. 

 

Figure 42. Caspase-3/-7 activation as a measure of apoptosis in HFF-1 cells during HCMV 
infection. (A) WT, control KO (ctrl, i.e., harbouring a non-targeted gRNA), or ZAP KO (gRNA 3) HFF-1 
cell lines were mock-infected or infected with HCMV (MOI 0.1) for 2 hours prior to treatment with 
Caspase-3/-7 Green Reagent, which consists in the activated caspase-3/-7 recognition motif (depicted 
in blue) coupled to NucViewTM 488 (represented in dark green). The reagent is cleaved at the DEVD 
recognition motif by activated caspase-3/-7, which leads to the release of the intercalating green dye, 
labeling the nuclear DNA of apoptotic cells. Four images per well were acquired every 3 hours using live-
cell imaging (IncuCyte S3) and green fluorescent cells were monitored and quantified. (B, C) Green 
object counts per image are represented as time courses over 120 hours (i.e., 5 days) for mock- (B) or 
HCMV-infected cells (C) showing the mean ± S.D. of biological triplicates. One representative of three 
independent experiments is shown. Significant changes were calculated using unpaired two-sided 
Student’s t tests, *, P < 0.05; **, P < 0.01; and ***, P < 0.001. hpi; hours post infection. 

Taken together, these results demonstrate a role of ZAP for apoptosis, very likely due to its 

effect on mRNA stability of TNFRSF10D and ZMAT3. Nevertheless, this effect, only visible 

after 72h of cell maintenance in mock and infected cells, was not present during the first three 

days after HCMV infection but only at late stages of the viral cycle. This suggests that the 

observed phenotype on HCMV replication at early stages of infection might not be caused by 

the negative effect exerted by ZAP on the expression of anti-apoptotic factors.  
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4.5. ZAP binding preferences in the context of HCMV infection 

The most common and established mechanism of action for ZAP is direct binding to single-

stranded RNAs through its zinc finger domain. However, the specific binding preferences of 

ZAP appear to depend on the virus or genome sequence it encounters. There are several 

studies clearly demonstrating the recognition of CG-rich dinucleotide RNA sequences by ZAP 

(Takata et al., 2017; Meagher et al., 2019), while others show the binding of ZAP to sequences 

enriched for UA-dinucleotides (Odon et al., 2019; Schwerk et al., 2019). This suggests a 

broader target specificity of ZAP, which could recognize other specific base arrangements or 

employ different zinc fingers for the detection of the RNA. 

Thus, the aim of the following section was to explore the character and composition of specific 

targets of ZAP during HCMV infection. In addition, due to the rich CG content present in the 

HCMV genome in comparison to the human genome (Antequera and Bird, 1993; Sharma et 

al., 2016; Lin et al., 2021), a previously characterized binding pocket identified as essential for 

recognizing CG-rich RNAs was explored for its possible implication in HCMV infection control. 

4.5.1. ZAP preferentially binds cytosine-rich regions in several thousand cellular 

transcripts 

To determine the nature of the physical RNA binding sites of ZAP during HCMV infection, 

enhanced crosslinking and immunoprecipitation was performed in combination with RNA 

sequencing analysis (eCLIP-seq, Figure 35A, 43A) as described above (Section 4.2.7).  

To elucidate the RNA-binding preferences of ZAP and to decipher a specific motif or region to 

which ZAP may show some specificity, the analysis (performed by F. Erhard) was performed 

on the host genome, where a large amount of ZAP affinity sites was found. More specifically, 

15,302 ZAP binding sites were elucidated within 5,657 transcripts (NCBI GEO database, 

accession number GSE159853). It is worth noting that a ZAP-specific antibody recognizing 

ZAP-S and ZAP-L was used for this experiment, so the results obtained do not allow 

distinguishing the binding preferences of the two isoforms. 

Initially, to assess the quality of the eCLIP-seq data, the stability of cellular RNAs was compared 

between WT and ZAP KO cells attending to the number of detected ZAP binding sites for each 

transcript. For that purpose, the expression changes in total and newly synthesized cellular 

RNAs were analyzed in the uninfected samples from the SLAM-seq experiment (i.e., untreated 

cells labelled with 4sU for 1 hour prior to cell lysis) (Appendix Figure A5A, B). Uninfected 

samples were used in order to exclude effects of ZAP that are not mediated by direct interaction 

with targets, which likely are exacerbated upon infection. Gene expression differences between 

WT and ZAP KO uninfected cells were generally weak, with >95% of genes regulated less than 

1.3-fold. Nevertheless, transcripts with a strong ZAP binding site (>5-fold enrichment of size-

matched input RNA) or with multiple binding sites had on average higher expression levels in 
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ZAP KO cells (P < 6.4 x 10-6, two-sided Kolmogorov-Smirnov test) (Appendix Figure A5A). In 

contrast, newly synthesized RNA was largely unchanged (Figure A5B). This shows that (i) even 

in uninfected cells, ZAP has a measurable impact on RNA half-lives of hundreds of cellular 

genes and (ii) the eCLIP approach could capture the global landscape of ZAP binding sites. 

Moreover, for transcripts with a single weak binding site of ZAP (<5-fold enrichment over input 

RNA), no effect on expression levels was observed (Figure A5A). Weak binding sites might 

correspond to transient ZAP binding without a strong effect on RNA stability, or they are 

predominantly false-positive peak calls. Therefore, for further evaluating the ZAP binding 

preferences, the following analyses focused on strong ZAP binding sites. 

First, dinucleotides within or outside the binding sites in the strongly expressed transcripts at 

18 hpi were counted (TPM>10, n = 6,600). In line with previous studies (Takata et al., 2017; 

Chiu et al., 2018; Odon et al., 2019), CG dinucleotides in ZAP binding sites were significantly 

overrepresented (enrichment over background f = 1.65, P < 2 x 10-16, two-sided Wilcoxon test). 

However, not only CG but other cytosine-containing dinucleotides were also observed to be 

strongly enriched in binding sites, including CC (f = 1.55, P < 2 x 10-16), TC (f = 1.48, P < 2 x 

10-16), and CT (f = 1.46, P < 2 x 10-16). In contrast, adenosine-containing dinucleotides, with the 

exception of TA, were generally underrepresented (AA, f = 0.46; GA, f = 0.62; AG, f = 0.67; AT, 

f = 0.75; CA, f = 0.78; AC, f = 0.80; all, P < 2 x 10-16; Figure 43B). 

Hereafter, using the nucleotide resolution provided by the eCLIP data, it was possible to 

investigate the ZAP binding preferences in more detail. For each transcript with a detected 

binding site, the strongest crosslinking site was identified taking into account the 3' ends of the 

mapped eCLIP read pairs and dinucleotide occurrences within the +/- 100 nucleotides flanking 

these sites were counted (Figure 43C). This refined analysis confirmed the over- and 

underrepresentation of specific dinucleotides. Moreover, it revealed much stronger 

enrichments of cytosine-containing dinucleotides at specific positions downstream of the 

crosslinking sites than predicted by the prior analysis (CG, f = 2.08; CC, f = 2.00; TC, f = 1.77; 

CT, f = 1.67) and much stronger depletion of adenosine-containing dinucleotides (CA, f = 0.13; 

AA, f = 0.20; AT, f = 0.31; AC, f = 0.51; GA, f = 0.51; AG, f = 0.53; Figure 43C). Furthermore, 

DREME (Bailey, 2011) was used to identify motifs enriched in the sequences directly 

downstream of the main crosslinking site. However, only a few spurious motifs were identified 

(Appendix Figure A5C to E). Given that those were largely composed of overrepresented 

dinucleotides, it was concluded that ZAP preferentially binds to cytosine-rich regions devoid of 

adenosines but likely does not recognize longer sequence patterns during HCMV infection. 
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Figure 43. ZAP preferentially binds to cytosine-rich RNA during HCMV infection. (A) Schematic 
representation of the workflow for eCLIP-seq. Briefly, WT HFF-1 cells were infected with HCMV (MOI 1) 
and UV-crosslinked at 20 hpi to generate covalent bonds between nucleic acids and associated proteins. 
ZAP was immunoprecipitated using a ZAP-specific antibody that targets all isoforms. Finally, ZAP-bound 
RNA was recovered as described in Section 3.5.3 and sequenced. The crosslinking site is depicted as 
a star. (B) Boxplots showing the distribution of relative frequencies of dinucleotides associated to ZAP 
(“binding site”, represented in orange) or outside its binding site (“background”, represented in gray) for 
n = 6,600 strongly expressed genes (TPM > 10). Strong binding sites correspond to peaks showing >5-
fold enrichment over input RNA. The y-axis is cut at 0.2. (C) Heat map showing the log2 enrichments of 
dinucleotide frequencies over background at each position upstream and downstream of the main 
crosslinking site (represented as a star) per gene (n = 6,600). This figure was modified from Gonzalez-
Perez et al. (2021). 

4.5.2. The CG-binding pocket of both ZAP-S and ZAP-L isoforms is important to target 

the viral transcripts UL4 and UL5 in vitro 

Based on the observations derived from the present work, ZAP preferentially binds to cytosine-

containing regions devoid of adenosines during HCMV infection, suggesting that not only CG- 

but also other cytosine-containing dinucleotides could be putative targets of ZAP. Meagher and 

colleagues (2019) identified a binding pocket within the second zinc finger of ZAP (herein 

designated as ZnF2) for its ability to accommodate CG-dinucleotides during viral infection and 

control replication of viruses harboring CG-rich genomes. The fact that the HCMV genome 
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exhibits the highest CG content among human Betaherpesvirinae (Sharma et al., 2016) renders 

CG-dinucleotides as putative targets for ZAP during HCMV infection. Hence, the next objective 

was to further investigate the capacity of ZAP to bind CG-dinucleotides during HCMV infection 

by exploring the role of the aforementioned CG-pocket in (i) targeting ZAP specific viral 

transcripts in vitro, and (ii) restricting HCMV infection (shown in this section and in the following, 

4.5.3). 

To achieve this, a CG-binding pocket mutant (herein referred to as Y108A) was generated 

targeting the ZnF2 of both ZAP-S and ZAP-L, and thus affecting their ability to accommodate 

CG-dinucleotides (Figure 44A). The mutation was an alanine substitution at the tyrosine 

residue 108, which constrains the CG-binding pocket within the ZAP RNA binding domain 

(RBD) RNA complex. This mutant was previously well characterized and shown to maintain the 

RNA-binding activity of ZAP while drastically altering its antiviral activity against a CG-enriched 

HIV-1 reporter (Chen et al., 2012; Meagher et al., 2019) (for more information refer to Section 

1.4.3 and Figure 12). The generated pEF1 and pTRIP constructs were tested for ZAP 

expression. Protein levels of both ZAP WT and Y108A mutant isoforms were comparable when 

expressed in HEK 293T cells, indicating that the nucleotide substitution on the ZAP-S or ZAP-

L gene did not affect protein expression (Figure 44B). 

 

Figure 44. Generation and characterization of ZAP-S and ZAP-L Y108A mutants. (A) ZAP CG-
binding pocket mutants, Y108A, were generated by alanine substitution at position Y108 of the ZnF2 
(represented in purple) of both ZAP-S and ZAP-L isoforms, and thus affecting their ability to 
accommodate CG-dinucleotides (based on Meagher et al., 2019). Alignments of the nucleotide 
sequences for ZAP WT (above) and Y108A mutant (below) are represented. Numbers indicate the 
nucleotide position within the coding sequence of ZAP. Y, tyrosine; A, alanine. (B) HEK 293T cells were 
co-transfected with either pEF1 empty vector (ev), pEF1-ZAP-S-myc (WT), codon-optimized (opt.), or 
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Y108A mutant (upper panel) or with pEF1-ZAP-L-myc WT, codon-optimized (opt.), or Y108A mutant 
expression constructs (lower panel). In parallel, pTRIP lentiviral constructs were also tested. Expression 
levels of ZAP were determined by immunoblotting using a ZAP-specific antibody. Actin served as loading 
control. (C) HEK 293T cells were transfected using FuGENE HD with pEF1 empty vector (ev) control, 
ZAP-S-myc, or ZAP-L-myc, either WT (circles) or Y108A mutant (inverted triangles), together with 
pcDNA3.1 V5-tagged UL44 or OASL. Cells were lysed after 24 hours and protein levels were detected 
using specific antibodies against myc- and V5-tags. Actin served as loading control. One representative 
of two independent experiments is shown. Molecular weights (in kDa) are indicated on the left of each 
blot. 

Next, the loss of function of the generated mutants was tested in vitro by assessing their 

capacity to destabilize RNAs with high CG content. For this, an HCMV UL44-encoding plasmid, 

predicted to exhibit a high CG-content, was co-transfected in HEK 293T cells with a control 

vector, ZAP-S- or ZAP-L-expressing constructs (either WT or Y108A mutant isoforms), and 

protein levels were measured by immunoblotting. UL44 protein levels were reduced in the 

presence of both ZAP-S and ZAP-L WT isoforms, but not with the mutants, confirming that the 

CG-binding pocket mutants had lost their ability for transcript destabilization in vitro (Figure 

44C). An expression construct encoding for oligoadenylate synthase-like (OASL) was included 

as a control, since OASL has predicted low levels of CG, and indeed its stability was not 

affected neither by ZAP WT nor the mutant isoforms (Figure 44C). 

During the present study, UL4 and UL5 transcripts were identified by eCLIP-seq as direct 

targets of ZAP during HCMV infection (Figure 35). However, as mentioned above, the ZAP 

isoform responsible for their destabilization could not be identified since the employed ZAP-

specific antibody recognizes both major isoforms. Thus, the next aim was to elucidate which 

ZAP isoform is responsible for targeting these transcripts in vitro, and whether UL4 and/or UL5 

stability depended on the binding capacity of ZAP through its ZnF2 CG-affinity pocket. To this 

end, two different approaches were employed for both protein isoforms: (1) a transient-

expression system in HEK 293T cells and (2) a stable-expression system in HFF-1 cells (Figure 

45A and 45B, respectively). 

For the first approach, V5-tagged UL4 or UL5 expression plasmids were co-transfected in HEK 

293T cells with a control vector, ZAP-S or ZAP-L isoforms (either WT or Y108A mutant), and 

viral protein levels were measured by immunoblotting using a V5-specific antibody. Both UL4 

and UL5 protein levels were reduced when co-expressed with ZAP-S or ZAP-L WT isoforms, 

but not with the Y108A CG-binding pocket mutants (Figure 45A). These results suggest the 

importance of the CG-binding capacity of both ZAP isoforms to destabilize UL4 and UL5 

transcripts in vitro. 
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Figure 45. Transient- and stable-expression systems to explore ZAP capacity to degrade specific 
targets. (A) HEK 293T cells were co-transfected using FuGENE with pEF1 empty vector (ev) control, 
myc-tagged ZAP-S or ZAP-L, either WT or Y108A mutant isoforms, together with pWPI V5-tagged UL4 
or UL5. Cells were lysed after 24 hours and UL4 lysates were treated with PNGase F. Protein levels 
were detected using specific antibodies against myc- and V5-tags. Actin served as loading control. (B) 
WT and ZAP KO HFF-1 cells stably-expressing V5-tagged UL4 or UL5 were reconstituted with either ev 
control, myc-tagged ZAP-S or ZAP-L (WT or Y108A mutant) isoforms. Protein levels were detected by 
immunoblotting using specific antibodies against V5- and myc-tags. Quantifications of UL4-V5 and UL5-
V5 band intensities normalized to actin are represented as bar plots. Protein levels in ZAP KO cells were 
setup to a 100% for better visualization. One representative of two independent experiments is shown. 
Ev; empty vector control; circles represent ZAP WT isoforms and inverted triangles represent Y108A 
mutant isoforms. Molecular weights (in kDa) are indicated to the left of each blot. 

For the second approach, WT and ZAP KO HFF-1 cells stably-expressing C-terminally V5-

tagged UL4 or UL5 were employed (Figure 45B). ZAP KO cells were reconstituted with ZAP-S 

or ZAP-L isoforms (either WT or Y108A mutant). As control, WT and ZAP KO cells were 

transduced with lentiviruses harboring the empty vector. In agreement with the overexpression 

in HEK 293T cells, expression of ZAP-S WT isoform reduced both UL4 and UL5 protein levels. 

However, the observations regarding ZAP-L were not so apparent since its expression barely 

affected UL4 or UL5 protein levels, which remained similar to those in ZAP KO cells, suggesting 

that ZAP-L may not be involved in targeting these transcripts. Moreover, in the same line with 

the previous observations, the CG-binding mutants did not affect UL4 or UL5 protein levels, 

suggesting once again the importance of ZAP CG-binding capacity to negatively regulate these 

targets in vitro. However, these results should be interpreted with caution, as in vitro 

overexpression systems are often difficult to evaluate. 
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4.5.3. ZAP controls HCMV infection regardless of the CG-binding pocket on its second 

zinc finger 

The next step was to investigate the relevance of the CG-binding capacity of the ZnF2 of ZAP 

during HCMV infection. For this purpose, the successfully generated ZAP CG-pocket mutant 

isoforms were employed. 

ZAP KO cells were reconstituted by lentiviral transduction with either ZAP WT or mutant 

isoforms, infected with HCMV and viral genome replication was measured by genome copy 

numbers as described above in Section 3.2.3. As control, WT and ZAP KO HFF-1 cells were 

transduced with lentiviruses harboring the empty vector. At day 5 post infection, WT cells 

expressing endogenous ZAP showed significantly lower numbers of viral genome copies 

compared to ZAP KO cells, confirming previous observations. Strikingly, reconstitution of ZAP 

KO cells not only with the WT isoforms but also with the ZAP Y108A mutants rescued the 

phenotype observed in WT cells to a similar extent (Figure 46A). In addition, the levels of the 

early UL44 viral protein were monitored by immunoblotting as a marker for infection (Figure 

46B). In agreement with previous observations, reconstituted ZAP KO cells with both WT ZAP-

S and ZAP-L isoforms led to a reduction of UL44 protein levels (Figure 46B, Figure 29). 

Moreover, reconstitution with both ZAP CG-binding pocket mutants also strongly reduced UL44 

protein levels, although to a lesser extent than the ZAP WT isoforms. 

Altogether, these results show that the Y108A CG-binding pocket mutant of ZAP, even though 

it has lost its CG-affinity within the ZnF2, still negatively affects HCMV replication and greatly 

reduces UL44 viral protein levels. This suggests that ZAP capacity to bind CG-dinucleotides 

through its second zinc finger is not fully essential to exert its activity against HCMV infection. 

Furthermore, WT or ZAP KO HFF-1 cells were reconstituted with control, ZAP-S or ZAP-L 

mutant isoforms, followed by infection with HCMV as described above. Then, qRT-PCR was 

performed on a subset of viral transcripts previously shown to be affected by both ZAP WT 

isoforms (Figures 31, 32C). Albeit the phenotype was not statistically significant in this 

experimental set, reconstitution with both ZAP-S and ZAP-L mutant isoforms led to slightly 

reduced levels of the tested viral transcripts, including UL44 mRNA levels (Figure 46C), which 

correlated with the lower levels observed in protein abundance (Figure 46B). This supports the 

ability of ZAP to restrict HCMV expression independently of its capacity to bind to CG-

dinucleotides through its ZnF2. 
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Figure 46. ZAP-S and ZAP-L mutants, unable to accommodate CG in their second zinc finger, 
have a negative impact on HCMV infection. (A, B) WT or ZAP KO (gRNA 3) HFF-1 cells were 
reconstituted with control, ZAP-S or ZAP-L isoforms, either WT (light blue and green) or Y108A mutants 
(dark blue and green, unable to accommodate CG-dinucleotides on ZnF2). (A) Cells were infected with 
HCMV (MOI 0.1) for 2 hours. Genome copy numbers were measured at day 5 post infection by qPCR 
and depicted as bar plots showing the mean ± S.D. of biological triplicates. (B) In parallel, cells were 
infected by centrifugal enhancement with HCMV (MOI 0.1) and protein levels of ZAP and the early UL44 
viral protein were monitored at 48 hpi by immunoblotting using specific antibodies against myc-tag and 
UL44, respectively. Actin served as a loading control. Molecular weights are indicated to the left in kDa. 
Quantification of UL44 band intensities normalized to actin is represented as bar plots, where the value 
obtained for ZAP KO with control was setup to a 100 for better comparison. (C) Cells were infected as 
indicated in (B), followed by RNA extraction at 48 hpi. The mRNA levels of a subset of HCMV transcripts 
were measured by qRT-PCR. Viral mRNA relative expression (log10) normalized to GAPDH is displayed 
as bar plots showing mean ± S.D. of two independent experiments performed with experimental 
duplicates using ZAP KO gRNA 3 cell lines. Significant changes were calculated using unpaired two-
sided Student’s t tests, n.s., not significant; *, P < 0.05; **, P < 0.01; and ***, P < 0.001. dpi, days post 
infection; hpi, hours post infection. Inverted triangles represent mutant ZAP isoforms: SY108A, ZAP-S 
Y108A mutant; LY108A, ZAP-L Y108A mutant. 

In summary, binding to CG-high viral transcripts through its ZnF2 domain does not appear to 

be an essential mechanism of ZAP to affect HCMV infection, as the generated mutants could 

still reduce viral DNA replication and viral gene expression. 

These results are consistent with previous observations made in the present work regarding 

the binding specificity of ZAP, which revealed the importance of cytosine-containing 

dinucleotides other than just CG for the control exerted by ZAP during HCMV infection. This 

suggests the possibility of ZAP restricting HCMV infection through different, probably 

additional, means, independent of its CG-binding pocket and ability to bind CG-dinucleotides. 
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4.6. Exploring the effect of ZAP on other members of the Herpesviridae family 

The impact of the antiviral protein ZAP has not been extensively studied for other members of 

the Herpesviridae. To this date, two herpesviral antagonists of ZAP were reported: one 

encoded by human α-herpesvirus HSV-1 and the other by murid γ-herpesvirus 4, also known 

as murine herpesvirus 68 (MHV-68). HSV-1 encodes the viral endonuclease UL41 (also known 

as virus-associated host shutoff protein or VHS) that cleaves both viral and cellular RNA, 

including transcripts encoding for ZAP to evade its antiviral activity (Bick et al., 2003; Su et al., 

2015). MHV-68 codes for the viral replication and transcription activator protein (RTA), which 

disrupts the N-terminal interaction of ZAP required to form a dimer, preventing its dimerization 

and ultimately evading its activity (Chen et al., 2012; Xuan et al., 2013).  

Given the lack of previous knowledge on this subject, another aim of this work was to examine 

a putative effect of ZAP on other members of the Herpesviridae. For that purpose, infection 

assays were performed in HFF-1 cells using the different herpesviruses that belong to the α-

herpesvirinae subfamily, which includes herpes simplex viruses type 1 and type 2 (HSV-1 and 

HSV-2, respectively), and varicella-zoster virus (VZV).  

The work presented here was performed during an external laboratory visit as part of the Marie 

Curie training network at Aarhus University Hospital (AUH) in Denmark, within the group of 

Prof. Dr. Trine Mogensen. 

4.6.1. Increased viral HSV-1 titers in the presence of ZAP 

As mentioned above, HSV-1 was previously shown to negatively affect ZAP protein expression 

via its viral endonuclease UL41 (Su et al., 2015). Moreover, overexpression of the N-terminal 

part of ZAP does not affect HSV-1 viral replication in fibroblasts (Bick et al., 2003). Based on 

these observations, no differences in viral replication were expected when infecting WT or ZAP 

KO HFF-1 cells, since HSV-1 should be able to counteract any possible effect of ZAP. To 

confirm this, WT and ZAP KO HFF-1 cells were infected with HSV-1, supernatants were 

harvested and used to infect Vero E6 cells for viral titration. Viral titers were measured by 

plaque assay at 24 hpi, when HSV-1 has completed its replication cycle (Figure 47A). 

Unexpectedly, HSV-1 replication was significantly enhanced in WT compared to ZAP KO cells, 

suggesting a positive effect of ZAP expression in the context of HSV-1 infection (Figure 47B). 

Next, cell lysates were used to measure ZAP protein levels by immunoblotting in order to 

explore whether ZAP may be degraded during HSV-1 infection (Figure 47C). Indeed, ZAP-S 

protein levels were barely detected upon HSV-1 infection, which was partially in line with the 

study by Su and colleagues (2015), who demonstrated degradation of ZAP-encoding 

transcripts likely through UL41. On the contrary, ZAP-L levels were not reduced upon HSV-1 

infection at this specific time point. The protein levels of the viral tegument VP16 (also known 

as UL48) and glycoprotein D (gD) were also monitored as a positive infection control. Higher 
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levels of the measured viral proteins were observed in WT compared to ZAP KO cells, in line 

with the observations made regarding higher viral titers in the presence of ZAP. 

Altogether, while ZAP-L expression was detected in HSV-1 infected cells, ZAP-S was not 

expressed 24 hours after infection. In presence of ZAP, HSV-1 grew to higher titers, which 

suggests a proviral role for ZAP in the context of HSV-1 infection.  

 

Figure 47. In the presence of ZAP, HSV-1 replicates to higher titers. (A) Schematic representation 
of the workflow to determine the role of ZAP during HSV-1 infection. WT or ZAP KO (gRNA 3) HFF-1 
cells were infected for 1 hour with HSV-1 (MOI 1). Supernatants were used for viral titration in Vero E6 
cells and cell lysates were subjected to immunoblotting. Lysates were treated with PNGase F for better 
visualization of the viral glycoprotein D (gD). (B) Viral titers (PFU/mL) are displayed as bar plots showing 
mean ± S.D. of two independent experiments performed with experimental triplicates. (C) Levels of the 
HSV-1 proteins VP16 (encoded by UL48) and gD were monitored by immunoblotting using specific 
antibodies. GAPDH served as a control. Quantification of VP16 and gD band intensities normalized to 
GAPDH is indicated below their respective band. Molecular weights are indicated on the left in kDa. One 
representative of two independent experiments is shown. Significant changes were calculated using 
unpaired two-sided Student’s t tests, *, P < 0.05. hpi, hours post infection; gD, glycoprotein D.  

4.6.2. HSV-2 viral replication does not seem to be affected in the presence of ZAP-L 

Next, the possible effect of ZAP during HSV-2 infection was explored. WT and ZAP KO HFF-1 

cells were infected with HSV-2, supernatants and cell lysates were collected and processed as 

described for HSV-1 infection (Figure 48A). In this case, no differences in HSV-2 viral titers 

were observed between WT and ZAP KO cells (Figure 48B).  
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As previously observed in HSV-1 infected cells, ZAP-S expression could not be detected 24 

hours post HSV-2 infection, while ZAP-L protein levels were well detectable and not affected 

(Figure 48C). Interestingly, VP16 and gD were expressed at slightly higher levels in WT than 

ZAP KO cells as observed in the context of HSV-1 infection (Figure 47C), which makes it 

difficult at this point to unequivocally conclude which role ZAP may play during HSV-2 infection. 

 

Figure 48. ZAP does not have an effect on HSV-2 titers. (A) Schematic representation of the workflow 
to determine the role of ZAP during HSV-2 infection. WT or ZAP KO (gRNA 3) HFF-1 cells were infected 
for 1 hour with HSV-2 (MOI 3). Supernatants were used for viral titration in Vero E6 cells and cell lysates 
were subjected to immunoblotting. Lysates were treated with PNGase F for visualization of gD. (B) Viral 
titers (PFU/mL) are displayed as bar plots showing mean ± S.D. of two independent experiments 
performed with experimental triplicates. (C) Protein levels of the viral proteins VP16 (UL48) and gD were 
monitored by immunoblotting using specific antibodies. GAPDH served as a control. Quantification of 
VP16 and gD band intensities normalized to GAPDH is indicated below their respective band. Molecular 
weights are indicated on the left in kDa. One representative of two independent experiments is shown. 
Significant changes were calculated using unpaired two-sided Student’s t tests, n.s., not significant. hpi, 
hours post infection; gD, glycoprotein D. 

4.6.3. VZV Orf9 and Orf40 viral transcript levels are higher in the presence of ZAP 

To determine whether ZAP may affect replication of VZV, the third member of the α-

herpesvirinae, WT and ZAP KO HFF-1 cells were infected with VZV and the levels of specific 

viral transcripts were measured by qRT-PCR. To this end, mRNA levels of the viral late 

transcripts Orf9, which encodes for a tegument protein, and Orf40, encoding for the major 

capsid protein, were analyzed as a measurement of viral replication. In this case, cells were 

infected with VZV by two different approaches: VZV (A) cell-free and (B) cell-associated 

infections (Figure 49A and 49B, respectively).  
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Briefly, for (A), WT or ZAP KO HFF-1 cells were mock-treated or infected with cell-free virus by 

centrifugal enhancement at an MOI of 0.01 for 3 hours. After this incubation time, cells were 

washed to remove the virus and lysates were collected immediately to monitor basal VZV gene 

expression or 48 hpi (Figure 49A). For (B), VZV cell-associated infection was performed by co-

culturing HFF-1 cells with VZV-infected MeWo cells (ROka strain) in a 1:1 ratio. HFF-1 cells 

were either left untreated (UT), mock-treated (co-cultured with MeWo uninfected cells) or 

infected with VZV-infected MeWo cells for 48 hours. As control of basal VZV gene expression, 

one well of only VZV-infected MeWo cells was seeded and lysed at 3 hpi to exclude active 

infection coming from these cells (Figure 49B, for more details refer to Figure 14).  

 

Figure 49. Increased viral transcript levels in the presence of ZAP during VZV infection. (A, B) 
Schematic representations of the workflow to determine the role of ZAP during VZV infection by cell-free 
(A) and cell-associated (B) infections. (A) WT or ZAP KO HFF-1 cells were infected by centrifugal 
enhancement with cell-free VZV (MOI 0.01) for synchronization of infection (sync.). After 3 hours, cells 
were washed and the medium replenished, followed by an incubation period for 48 hours. Control cells 
were lysed after the 3 hours wash to monitor basal VZV gene expression. (B) WT or ZAP KO HFF-1 
cells were left untreated (UT, no MeWo cells added), or were co-seeded with uninfected MeWo cells 
(mock-treated) or VZV-infected MeWo cells (i.e., infected). As control, a well of only VZV-infected MeWo 
cells was lysed after 3 hours. Total RNA was extracted and mRNA levels for VZV Orf9 and Orf40 were 
measured by qRT-PCR. Viral mRNA expression normalized to GAPDH is displayed as bar plots showing 
mean ± S.D. of experimental duplicates, performed using ZAP KO gRNA 3 cell lines. Significant changes 
were calculated using unpaired two-sided Student’s t tests, n.s., not significant; and *, P < 0.05. UT, 
untreated; hpi, hours post infection. 

Strikingly, using cell-free virus, Orf9 and Orf40 transcript levels were significantly higher in the 

presence of ZAP, hinting at a proviral role for ZAP during VZV infection (Figure 49A). When 

performing cell-associated infection, while there was a tendency for higher Orf40 transcript 

levels in WT compared to ZAP KO cells, no significant differences for Orf9 transcripts were 

observed (Figure 49B). In the 3-hour control samples, no basal viral gene expression was 

found, demonstrating that (i) in the case of cell-free VZV, the virus was properly washed from 
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the wells and (ii) the cell-associated virus was not replicating in MeWo cells in basal conditions 

but only when co-cultured with HFF-1 cells (data not shown). 

To summarize, in this section the role of ZAP during herpesviral infection was extended to 

members of the α-herpesvirinae subfamily. The observations made here regarding the 

expression of ZAP during HSV-1 and HSV-2 infections are in partial agreement with previous 

studies and open a new avenue of investigation towards the possibility that HSV-1 and HSV-2 

may specifically target the short isoform of ZAP, while leaving its long isoform unaffected. For 

HSV-1 and VZV, preliminary experiments suggest that ZAP may play a proviral role, which will 

be addressed further in future studies. 
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5. Discussion  

In the present work, the identification of previously uncharacterized host antiviral proteins in the 

context of HCMV infection, a major clinically relevant virus of great public health concern, was 

pursued. Immunosuppressed individuals, such as transplant recipients or AIDS patients, along 

with congenitally infected newborns, are the groups at highest risk of suffering the diseases 

and the sequelae resulting from infection with HCMV. This, together with the lack of 

commercially available vaccines and specific antiviral treatments, makes the search for new 

strategies to combat this virus a priority for the scientific community. To this end, the 

characterization of ISGs presents a valuable opportunity due to the diverse biological effects 

played by these cellular proteins, which may be crucial in restricting early infection. To date, 

more than 300 ISGs have been described and despite the great development that this field has 

undergone during the recent years, the role of the majority of the proteins they encode for a 

large number of viral infections remains unknown. Each viral infection induces a specific 

expression pattern of ISGs (Schoggins et al., 2011) and their functions are highly contextual 

depending on the viral entry route, replication mechanism, site of replication and viral assembly, 

and cell type. Hence, while some ISGs may exert an antiviral activity against some viruses, 

they may either have a neutral or positive effect on other viruses or, in some instances, be 

susceptible to viral evasion mechanisms. Therefore, unraveling the specific role played by ISGs 

during HCMV infection is of great importance to understand the interaction between the host 

and this pathogen, and may eventually lead to the identification of new therapeutic targets. 

In the case of HCMV, infection leads to the upregulation of a distinct set of cellular proteins 

during the first 24 hours, including ISGs such as NMI, IFI35, IFI44, and the RNA binding protein 

ZAP (Schoggins et al., 2011; Weekes et al., 2014). The identified ISGs (i) were strongly 

upregulated early during infection, and (ii) followed a rapid return to near basal levels, which 

could be either due to diminished IFN signaling and response or to selective targeting by the 

virus as a countermeasure. The work presented here verified this early upregulation upon both 

IFNβ and HCMV infection for IFI35, NMI and both major ZAP isoforms (ZAP-S and ZAP-L), 

positioning these ISGs as potential players for HCMV, either by exerting antiviral functions and 

restricting infection, or by acting as proviral factors to enhance viral infection, since 

herpesviruses have demonstrated to be masters at developing immune evasion strategies.  
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5.1. An HCMV-GFP reporter virus screening assay revealed putative modulatory 

functions for a subset of ISGs during human cytomegalovirus infection 

Two complementary approaches were established to study the possible modulation that the 

selected group of ISGs could have on HCMV infection. First, the ISG candidates were 

overexpressed in HFF-1 cells by lentiviral transduction. Secondly, knockout cell lines of the 

selected ISGs were generated by Cas9 genome editing. Using these cell lines, a flow 

cytometry-based screening was established to monitor mMIEP-driven GFP expression during 

infection with an mMIEP-GFP HCMV reporter virus. 

The presence or absence of IFI44 did not exert a significant effect on HCMV modulation. 

Nevertheless, the study of IFI44 posed a limitation, since protein levels could not be monitored 

due to the lack of specific commercially available antibodies and, therefore, the generated cell 

lines and IFI44’s expression could not be verified.  

Strikingly, the presence of NMI showed a significant increase on mMIEP-driven GFP 

transcription that corresponded with a tendency, although not significant, toward reduced GFP 

levels in NMI KO cells. In addition, IFI35 KO cells also exhibited a significant reduction in GFP 

levels upon infection, which, although it did not correlate with an increase of GFP levels upon 

overexpression of IFI35, appeared to mirror the effect observed with NMI. The similar results 

obtained with both ISGs could be attributed to the fact that they associate into a complex in the 

cytoplasm to stabilize each other (Chen et al., 2000). Indeed, it was observed that by knocking 

out one of these ISGs, there was a reduction in protein levels for both of them. Consequently, 

the effect of NMI and IFI35 may be stronger when studied in concert, for which the generated 

double-KO and double-expressing cell lines will be valuable for future experiments. 

Both IFI35 and NMI act as negative regulators of the innate immune response by degrading 

crucial factors such as RIG-I or IRF7, a mechanism that is exploited by viruses like vesicular 

stomatitis or influenza A virus, respectively (Das et al., 2014a; Ouyang et al., 2021) (Section 

1.5). On the contrary, NMI plays an essential role for efficient STAT-dependent transcription. 

NMI was shown to interact with and recruit transcription factors, such as STAT1, thereby 

promoting its translocation to the nucleus (Zhu et al., 1999; Feng et al., 2018). In line with this, 

immunofluorescence microscopy revealed a punctate distribution of both IFI35 and NMI in the 

cytoplasm that may also be present in the nucleus upon IFNβ stimulation (Figure 19C). Based 

on the proposed functions for these two ISGs, different hypotheses could be drawn to explain 

the positive effect observed for NMI, alone or in combination with IFI35, on mMIEP-driven GFP 

transcription during infection with the reporter HCMV. For instance, HCMV could benefit from 

the limitation on the innate immune response exerted by these cellular proteins to enhance its 

viral replication. Besides, by binding to NMI, the viral protein UL23 could not only be reducing 

STAT1 translocation upon IFN-mediated activation, but also redirecting this ISG to, for 

example, enhance viral transcription. Exploitation of ISGs has been previously described for 

other HCMV proteins, such as UL83, which not only prevents the antiviral activity of IFI16 by 
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binding to it, but also redirects IFI16 to the HCMV MIEP to trigger viral transcription (Cristea et 

al., 2010; Li et al., 2013; Biolatti et al., 2016). To better elucidate the implication of NMI during 

HCMV infection, experiments could be performed infecting the generated cell lines with HCMV 

WT instead of the reporter GFP virus.  

Regarding ZAP, mMIEP-driven GFP transcription levels were significantly increased in its 

presence, while reduced in ZAP KO cells, correlating with lower IE1 protein levels (Figure 22). 

This observation was very likely due to the different phases of the HCMV gene expression 

cascade between WT and ZAP KO cells. The IE2 viral protein plays a key role in the regulation 

of the HCMV MIEP. By binding to a cis-acting repressor element within the MIEP, IE2 serves 

as a negative feedback loop to limit immediate-early transcription (Cherrington et al., 1991; Liu 

et al., 1991; Lang and Stamminger, 1993). The work presented here identified ZAP to cause a 

delay in HCMV progression. This would explain why at a given time point viral infection would 

be in its exponential phase for ZAP-expressing cells, while in ZAP KO cells, with their 

accelerated viral progression, MIEP activity and, therefore, IE1 expression, would be already 

limited (Figure 50). Furthermore, this idea is consistent with the observations made by Weekes 

et al. (2014) on their proteomic analysis, in which IE1 protein reached its maximum level at 24 

hpi, followed by a rapid decrease.  

 

Figure 50. Schematic representation of the IE1 protein levels in WT and ZAP KO cells during the 
course of HCMV infection. WT cells, which express ZAP, exhibit a delay in the HCMV infection cascade 
(depicted in gray) compared to ZAP KO cells (in red). The accelerated course of viral infection in ZAP 
KO cells likely leads to a more rapid negative feedback loop on IE1 expression (indicated with an arrow) 
and, with it, a faster return of IE1 to basal levels. Thus, at a given time of observation (depicted as a 
dashed line), IE1 levels in WT cells may be in their exponential phase during infection whereas they are 
already decreasing in ZAP KO cells.  

In summary, the results obtained with NMI- and ZAP-overexpressing or KO cell lines indicated 

that these two ISGs may play a role during HCMV infection. Attending to these observations, 

and based on the evidence that NMI interacts with IFI35 to stabilize each other, the effect that 

NMI and IFI35 could have in viral regulation may be more visible when studied together. As for 

ZAP, the work presented hereinafter provides a comprehensive analysis of its antiviral effect 

and implications during HCMV infection. Moreover, these conclusions highlight the great value 

of using screening approaches, but also the importance of understanding the temporal kinetics 

of infection processes as dynamic in order to draw reliable conclusions. 
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5.2. Unraveling the role of ZAP as a restriction factor for HCMV and identification of 

direct targets during infection 

Having identified ZAP as a possible modulator during HCMV infection, the next aim was to 

further elucidate its implication. The study performed by Weekes and colleagues (2014) 

showed the induction of ZAP upon HCMV but did not distinguish between the two major ZAP 

isoforms, ZAP-S and ZAP-L. Thus, the present work delineated their endogenous expression 

kinetics during HCMV infection. While ZAP-L was constitutively expressed in HFF-1 cells and 

slightly induced after HCMV infection, ZAP-S protein levels were strongly increased starting at 

6 to 8 hpi, in line with the notion that ZAP-S induction depends on the IFN cascade activation 

(Schwerk et al., 2019). Moreover, the use of ISD, a DNA sensor ligand that mimics viral 

infection, induced a kinetic pattern for both ZAP isoforms similar to that observed by infection, 

indicating that the TB40/E strain of HCMV, used in this study, does not modulate ZAP 

expression or stability during HCMV infection. 

To explore the impact of ZAP on HCMV infection, three individual ZAP KO HFF-1 cell lines 

were successfully generated by Cas9 genome editing, all targeting the first exon of Zc3hav1. 

By comparing WT and ZAP KO cell lines, HCMV genome replication was reduced in the 

presence of ZAP. Strikingly, the reduction in viral genome replication seen in WT cells was not 

correlated with reduced viral release when performing viral growth curves for HCMV. Such an 

observation could be due to a cellular limitation in the egress of viral particles, which implies 

that at times no differences in viral release are observed, even when there are differences in 

virus production (Jens von Einem, personal communication, 2017). 

The reconstitution of ZAP KO cells with ZAP-S or ZAP-L showed that both major isoforms have 

the potential to restrict HCMV replication to levels similar to those of endogenous ZAP in WT 

cells. However, overexpression of one or the other ZAP isoform during reconstitution did not 

drive antiviral protection beyond that in WT cells. Speculatively, this could (i) be due to a 

saturation phenomenon in terms of the capacity of cellular machineries to degrade RNA or (ii) 

be related to limited availability of cofactors involved in ZAP-mediated antiviral activities, such 

as TRIM25 or KHNYN (Goonawardane et al., 2021). 

While for HCMV infection both main ZAP isoforms could contribute as restriction factors 

(Figure 28), recent studies revealed that different viruses could trigger the antiviral effect of one 

or the other isoform, depending on events such as the viral replication cycle, the site of 

replication or the site of assembly. As for ZAP-S, this isoform was described to act as a negative 

feedback regulator of the IFN response in late stages of SINV infection by destabilizing IFN 

transcripts (Schwerk et al., 2019). In the present study, by comparing WT and ZAP KO cells, 

no effect of ZAP on IFN signaling pathways was observed. Such lack of effect of ZAP on IFN 

production has been reported in previous studies performed in mouse ZAP KO cells (Lee et 

al., 2013; Kozaki et al., 2015). For viruses like HCMV, which are equipped with a vast range of 
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evasion proteins to dampen the IFN response (Stempel et al., 2019), the role of ZAP-S in 

resolving IFN responses could be overshadowed but this is merely speculative at this point.  

Furthermore, differences in the C-terminal domain of both major isoforms influence their 

localization and, eventually, the distinct functions of each of them (Charron et al., 2013; 

Schwerk et al., 2019; Peng et al., 2020; Kmiec et al., 2021). The PARP-like domain and the 

CaaX prenylation motif present only in ZAP-L is essential for its localization to intracellular 

membranes, due to the farnesylation at the cysteine residues of the CaaX box (Charron et al., 

2013; Kmiec et al., 2021). In recent years, the role that subcellular localization may play for the 

antiviral activity of ZAP-L has been highlighted and could explain why ZAP-L lacks antiviral 

activity in the context of specific viruses. For instance, ZAP-L restricts the DNA virus modified 

vaccinia virus Ankara (MVA), which replicates in the cytoplasm, not by having an impact on the 

viral transcriptome, but rather by localizing to the viral assembly compartment and affecting 

viral assembly (Peng et al., 2020). Similarly, Schwerk et al. (2019) found that ZAP-L co-

localizes with Sindbis virus (SINV) RNA intermediates in distinct foci in the cytoplasm and 

restricts infection. Recently, the PARP-like domain of ZAP-L was proven essential to restrict 

viruses such as HIV-1 or SARS-CoV-2, which replicate in double-membrane vesicles derived 

from the ER (Kmiec et al., 2021). In addition, the C-terminal domain seems to modulate the 

interaction between ZAP-L and its cofactors TRIM25 and KHNYN (Kmiec et al., 2021), 

suggesting that its subcellular localization of ZAP-L may be a prerequisite to form and establish 

the antiviral complex. 

All these studies emphasize the importance of the PARP-like domain of ZAP-L (Kerns et al., 

2008) and illustrate the relevance not only of the conservation of the RNA-binding domain for 

the antiviral activity of ZAP, but also of the CaaX box within the C-terminal domain. Attending 

to this, an untagged version of ZAP-L was generated during this study to exclude the possibility 

of the C-terminal tag of ZAP-L interfering with prenylation of the CaaX motif and eventually with 

its correct subcellular localization. This could influence the antiviral activity of ZAP-L, which 

could resemble the function that ZAP-S would be exerting in the cytoplasm. Nevertheless, the 

untagged version of ZAP-L, when expressed in ZAP KO cells, showed similar effects on viral 

replication to those of the myc-tagged version, ruling out the possibility that ZAP-L was acting 

as ZAP-S. However, from the results obtained here, it is not possible to state whether ZAP-S 

and ZAP-L employ the same mechanism of action or whether they provide individual 

contributions to inhibit HCMV replication. Although overexpression of each of the isoforms 

individually restricts HCMV infection, their effect could be influenced by different factors, such 

as their temporal expression kinetics during infection or their localization. In principle, upon 

stable expression in ZAP KO cells, both ZAP-S and ZAP-L presented a homogenous 

subcellular localization across the cytoplasm and no distinct structures were observed. 

However, this was done using a C-terminally tagged version of ZAP-L. Thus, a more 

comprehensive microscopy study would help to pinpoint the exact localization of each of the 

isoforms over the course of infection, which could hint to their specific roles.  
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Moreover, assessment of their specific contribution using single KO cell lines for each of the 

main isoforms would warrant future work. To generate ZAP-L KO cell lines, isoform-specific 

gRNAs or siRNAs could be designed targeting exon 10, that is, the first exon belonging to ZAP-

L only. For the generation of ZAP-S KO cell lines, the 3’-UTR of ZAP-S could serve as a target, 

which is absent in ZAP-L (Schwerk et al., 2019). 

To explore the impact of ZAP during HCMV infection, the whole transcriptome and proteome 

landscapes were examined and compared in WT and ZAP KO cells. This global approach 

revealed that presence of ZAP largely delays the course of HCMV infection, decelerating the 

transcription of the majority of viral genes and ultimately leading to a general delay in the 

production of viral proteins at early and late stages of the viral cycle (Figure 51A). The faster 

progression of infection in ZAP KO cells and the subsequent higher levels of early viral proteins 

may induce a stronger negative feedback loop on IE transcription, which could explain the lower 

levels of IE1 protein observed in ZAP KO cells compared to WT cells (see Figure 22C, Figure 

51B). 

Based on these findings, the question arose as to how ZAP exerts this regulation. The best-

characterized antiviral mechanism of ZAP is its capacity to bind RNA and mediate its 

degradation (Guo et al., 2004; Guo et al., 2007; Zhu and Gao, 2008). Therefore, based on this 

and the general delay observed in HCMV transcription, a series of experiments was performed 

in the presence or absence of ZAP to elucidate its possible implication in RNA stability during 

HCMV infection. The utilization of eCLIP-seq and SLAM-seq allowed to investigate (i) whether 

ZAP binds to cellular and/or viral transcripts, (ii) the fate of ZAP-bound RNA, and (iii) the binding 

preferences of ZAP. The latter point regarding ZAP binding preferences is discussed in 

Section 5.4. 

While the presence of ZAP showed no impact on the HCMV transcriptional reporter, it 

negatively affected the translational reporter for the viral protein IE2. This observation 

suggested the possible implication of ZAP on RNA stability rather than on transcriptional 

activation. Moreover, these findings were supported by the effects on RNA stability derived 

from the use of SLAM-seq and the identification of specific transcript targets by eCLIP-seq at 

both cellular and viral levels.  
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Figure 51. ZAP acts as a restriction factor for HCMV infection. (A, B) Schematic representation of 
the temporal expression cascade that follows HCMV infection in WT and ZAP KO HFF-1 cells. (A) While 
ZAP-L is constitutively expressed in HFF-1 cells, protein levels of ZAP-S are detected at 6 to 8 hours 
after HCMV infection. The presence of ZAP at early stages of infection leads to a reduction in viral 
genome replication encompassing a global delay in the expression of early and late HCMV genes and 
proteins. (B) On the contrary, in the absence of ZAP, the viral expression cascade, as well as the DNA 
genome replication, are enhanced compared to ZAP-expressing cells (A). This rapid viral progression 
may lead to a stronger negative feedback loop, in which high levels of early proteins negatively regulate 
IE transcription. This figure was modified from Gonzalez-Perez et al. (2021). 
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On the cellular level, eCLIP-seq allowed for the identification of thousands of ZAP-bound 

cellular transcripts upon HCMV infection, in agreement with previous studies describing ZAP-

mediated degradation of not only foreign but also of specific cellular RNA (Todorova et al., 

2014; Schwerk et al., 2019). Moreover, in uninfected cells, while gene expression differences 

between WT and ZAP KO cells were generally weak, transcripts with a strong ZAP binding site 

were on average less stable (Figure A5A, B). This indicated that ZAP, even when expressed 

at basal levels in IFN-naïve cells, exerts a function in destabilizing RNA. Upon HCMV infection, 

the presence of ZAP strongly destabilized specific cellular transcripts. For instance, ZAP bound 

to and destabilized TNFRSF10D transcripts. TNFRSF10D encodes for the pro-survival 

receptor TRAILR4, which serves as a decoy for the pro-apoptotic cytokine TRAIL. These 

findings agreed with a previous study that demonstrated the negative effect that ZAP exerts on 

this transcript, whose degradation translates into TRAIL binding to TRAILR1 and TRAILR2, 

thus increasing cell sensitivity to TRAIL-mediated apoptosis (Todorova et al., 2014) (Figure 

52A).  

 

Figure 52. Involvement of ZAP in cellular apoptosis. (A, B) Schematic representation of the identified 
cellular pathways regulated by ZAP during HCMV infection. (A) Primary cells are TRAIL-resistant since 
TRAILR4 serves as a decoy receptor that binds the cytokine TRAIL, maintaining cell survival (A, left 
panel). ZAP binds to and destabilizes TNFRSF10D mRNA, which codes for TRAILR4. Thus, as an 
alternative, TRAIL binds to TRAILR1 and TRAILR2, causing the induction of extrinsic apoptotic pathways 
(A, right panel). (B) Fas is a pro-apoptotic receptor activated by binding to its ligand, FasL. The zinc-
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finger protein Wig-1 has been described to negatively regulate Fas levels by binding and destabilization 
of Fas mRNA, promoting cell survival (B, left panel). In the present study, ZAP was found to destabilize 
ZMAT3 mRNA, which encodes for Wig-1 protein, a mechanism that could be used by ZAP to contribute 
to cell death. Indeed, reduction on Wig-1 levels has been related to an increase in apoptosis (B, right 
panel). 

Moreover, the global approach presented here allowed for the identification of previously 

undescribed cellular targets of ZAP, as illustrated by the anti-apoptotic ZMAT3 transcript. 

ZMAT3 encodes for Wig-1, an RNA-binding zing-finger protein that regulates stability of 

transcripts by recognizing AU-rich elements. Wig-1 has been described as a pro-survival factor 

due to its ability to bind to and negatively regulate Fas mRNA, which codes for the apoptotic 

Fas receptor (Bersani et al., 2014). Fas, which belongs to the TNF receptor superfamily 

(TNFRSF6), is present on the cell surface and following binding to its ligand, FasL, leads to 

programmed cell death. Based on the above, the involvement of ZAP in the negative regulation 

of Wig-1 through destabilization of its mRNA (i.e., ZMAT3) could be hypothesized as a novel, 

additional contribution to ZAP-mediated apoptosis upon detection of pathogens (Figure 52B). 

The fact that ZAP negatively regulates the stability of cellular transcripts encoding anti-

apoptotic factors such as TRAILR4 or Wig-1 highlighted the role that ZAP might play in the 

regulation of apoptosis. Indeed, its involvement in the induction of apoptosis was demonstrated 

by quantifying WT and ZAP KO cells expressing caspase-3 and caspase-7 and, thus, 

undergoing cell death (Figure 42). However, even if ZAP is involved in controlling apoptosis, 

differences in apoptosis between WT and ZAP KO cells only started to be traceable as early 

as three to four days under both non-infected and HCMV-infected conditions. This reduced the 

possibility that the impact of ZAP on apoptosis would be the cause of the observed delay in 

HCMV viral progression, since ZAP-mediated restriction was observed as early as 24 hpi. 

Regarding the viral transcriptome, the rich CG content of the HCMV genome compared to the 

host genome makes its viral transcriptome a putative target for ZAP binding (Sharma et al., 

2016; Lin et al., 2021). Nevertheless, the stability of viral transcripts expressed late in infection 

was not affected by the presence of ZAP (Figure 34). Therefore, the general downregulation 

on total viral transcript levels observed at late stages of infection in WT cells, compared to ZAP 

KO cells, seems to be caused by a negative effect in transcription rates, likely due to lower 

levels of infection rather than an effect in transcript stability. Strikingly, the presence of ZAP did 

affect the stability of a subset of viral transcripts expressed at earlier stages of infection, with 

the viral transcripts originating from the UL4-UL5 HCMV locus being the most destabilized ones 

at 18 hpi. Moreover, at this time point, most of the binding sites for ZAP were mapped to this 

region of the viral transcriptome, from which UL6 was excluded based on the identification of a 

polyadenylation site within the UL6 ORF and the lack of reads downstream of this point. RNA 

stability was studied at 18 hours after HCMV infection since the observed differences in 

transcript levels and viral replication were already apparent at 24 hpi. However, it is worth 

mentioning that selecting a different time window may reveal different targets of ZAP and, 
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eventually, distinct roles. Furthermore, to determine different targets for each of the isoforms, 

eCLIP-seq experiments could be performed in ZAP KO cells reconstituted with tagged versions 

of ZAP-S or ZAP-L. 

In summary, ZAP is expressed at early stages of HCMV infection, causing an overall negative 

impact on the temporal viral expression cascade. These findings highlight the potent role of 

ZAP as an antiviral restriction factor for this clinically relevant DNA virus. How ZAP exerts this 

regulation and whether each main isoform contributes in a different manner remains 

unaddressed. Moreover, ZAP seems to present certain selectivity when targeting the 

transcriptome since it specifically binds to and destabilizes a distinct set of viral transcripts, 

mainly originating from the poorly characterized UL4-UL5 HCMV locus. Strikingly, these viral 

transcripts present a low CG content, indicating that this does not appear to be predictive for 

ZAP binding. The reason why these are strong targets for ZAP and whether their viral products 

UL4 and UL5 could play important roles for HCMV will be discussed in the following section. 

5.3. Possible impact of the viral products UL4 and UL5 during HCMV infection  

This study demonstrated a negative influence of ZAP early during HCMV infection leading to 

an effect on viral replication and a delay in the viral life cycle. Thus, the next step was to explore 

the means by which ZAP could be negatively affecting HCMV. While completing the present 

study, Lin et al. (2020) reported a negative effect of ZAP on HCMV. The study concluded, 

based on a bioinformatic analysis of the CG content of HCMV genes, that the low CG content 

of the IE1 gene could be an HCMV evasion mechanism to avoid recognition by ZAP (Lin et al., 

2020). While this conclusion was reasonably supported by the presented data, the impact of 

ZAP was only elucidated on four HCMV proteins, without analyzing their transcript levels or 

stability. Moreover, the results presented by Lin et al. (2020) were consistent with the work 

presented in this thesis in terms of the ZAP-dependent delay in viral protein expression, 

although they did not explain the observed delay in the viral cycle. Based on the specificity of 

ZAP to target transcripts originating from the UL4-UL5 viral gene locus, a possibility was that 

these previously uncharacterized transcripts or their products would represent important factors 

during early HCMV infection. First, in agreement with initial observations (Gao et al., 2015), the 

transcriptional kinetics that the UL4-UL5 locus follows were confirmed (Figure 37). This locus 

transcribes UL4-UL5 transcripts with immediate-early to early kinetics coding for UL4 and UL5 

early proteins, and a set of late transcripts, likely corresponding with the short isoforms of UL5 

(see Figure 8). The viral UL4 and UL5 proteins belong to the RL11 family of HCMV, which 

comprises a group of membrane-associated proteins [(Chee et al., 1990; Davison et al., 

2003a), see Introduction Section 1.2.1]. Some studies suggest the involvement of members of 

the RL11 family in immune evasion but, to date, their biological functions are poorly 

characterized (Lilley et al., 2001; Atalay et al., 2002; Davison et al., 2003b; Cortese et al., 2012; 

Corrales-Aguilar et al., 2014). For UL4, a biological impact on HCMV infection has not been 
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identified so far. Regarding UL5, its long isoform was proposed to be involved in efficient viral 

assembly and/or egress from the host cell by interacting with the cellular scaffold protein 

IQGAP1 at the assembly compartment (Anselmi et al., 2020), hinting at a possible role of UL5 

in a late phase of HCMV infection. However, the early impact of UL4 and UL5 remains 

unaddressed. 

To understand the importance of these products during early HCMV infection, the two different 

HCMV mutants ΔUL4-UL5 and UL4-stop were generated using en passant BAC mutagenesis 

technique to manipulate the UL4-UL5 HCMV locus. After successful generation and prior to 

use, they required further characterization. First, employing similar MOIs between the different 

viruses was translated into comparable levels of infectivity, measured by immunolabeling of 

IE1 protein. Although maintaining comparable infectivity rates is the preferred method to obtain 

reliable outcomes in infection settings, it should be noted that the mutant viruses showed lower 

infectivity rates (i.e., lower viral titers represented as PFU/mL). Hence, it was necessary to add 

twice the volume of the mutant virus stocks to achieve the same infectivity as with WT HCMV, 

which could explain the differences observed in the viral tegument protein composition of the 

stocks, as they were analyzed by taking a given number of PFUs (i.e., infective viral particles). 

Thus, when analyzing the newly generated viral stocks, they presented higher levels of 

tegument proteins such as UL35, and to a lesser extent UL83, than the stocks for WT HCMV. 

Whether differences in the tegument composition can affect the outcome of infection would 

now be an open question. Upon infection with HCMV, cultured fibroblasts release not only 

infectious virions but also non-infectious particles, known as dense bodies (Craighead et al., 

1972; Sarov and Abady, 1975; Fiala et al., 1976). Dense bodies are defective enveloped 

structures containing viral tegument proteins and glycoproteins, but lacking a capsid, and 

therefore viral DNA. While they are not able to replicate due to the lack of DNA, they may mimic 

normal infection, since they can enter the cells efficiently, presumably through the interaction 

of envelope glycoproteins with cellular receptors (Topilko and Michelson, 1994; Schmolke et 

al., 1995; Pepperl et al., 2000). This could explain the decreased infectivity of the mutant 

viruses, whose stocks might have higher amounts of viral non-infectious particles that either 

lack viral DNA or contain non replicative, defective viral genomes. In fact, the number of viral 

genome copies was comparable between all the virus stocks (data not shown), suggesting that 

the generated mutant virus stocks may contain defective viral genomes. Consequently, the 

differences in the composition on the viral stocks after generating a mutation on the viral 

genome needs further consideration when aiming to compare the effects of different viruses, 

where factors like IFN responses should be controlled within the host cell.  

Infection of WT HFF-1 cells with either WT or the mutant ΔUL4-UL5 HCMV did not show 

significant differences in viral DNA replication at day 3 post infection, measured by genome 

copy numbers. Thus, the work presented here could not demonstrate a direct impact of UL4 

and/or UL5 on viral replication, since a mutant virus lacking UL4 and UL5 proteins replicates 

similarly as WT HCMV in HFF-1 cells. In addition, the strategy of including the UL4-stop virus 
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mutant, in which UL4 translation is disrupted but UL4-UL5 transcripts that serve as a target for 

ZAP are still produced, was intended to explore the possibility of these transcripts acting as a 

viral decoy to hijack and overcome the antiviral response of ZAP. As expected, after observing 

no differences during infection with ΔUL4-UL5 virus, neither did the infection with the UL4-stop 

virus show an effect on viral replication, suggesting that the viral UL4 protein seems 

dispensable for HCMV replication. It should be mentioned that during infection with UL4-stop 

virus, the UL5 protein is still produced. Therefore, to better address the question of whether 

UL4-UL5 transcripts are important for infection, it is worth generating a UL5-stop mutation 

within the UL4-stop BAC background, which would transcribe the UL4-UL5 transcripts but none 

of the proteins would be produced. In addition, the effect of UL5 proteins on virus replication 

would need further investigation. To this end, other mutant viruses targeting the expression of 

the short and long isoforms of UL5, separately or in combination, are warranted.  

Based on these findings, the previously observed negative effect on viral replication in the 

presence of ZAP and the consequent delay in viral expression could be exerted through means 

other than ZAP-specific binding and destabilization of these viral products and thus arise as 

another feature of ZAP during HCMV infection (Figure 53).  

 

Figure 53. Schematic representation of the possible roles of ZAP during HCMV infection. The 
delay in the temporal expression cascade of HCMV (1) could be independent on the specific binding of 
ZAP to transcripts originating from the UL4-UL5 viral locus (2). These are hypotheses based on 
preliminary observations. 

However, it should be taken into account that the results obtained here are preliminary, and it 

is still premature to dismiss a possible effect of the presence of these viral transcripts or their 

products for the enhancement of viral fitness through other means. Therefore, further studies 
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would need to be conducted to better address the question of why ZAP specifically targets 

these transcripts and/or what renders them relevant during HCMV infection.  

For instance, conducting these infections in a ZAP KO background would be of major interest 

since when performing the experiment in WT cells, ZAP targets and degrades these transcripts 

and differences could go unnoticed. Thus, infection of ZAP KO cells with WT or ΔUL4-UL5 

virus would address the importance of the presence of these products for the virus. Moreover, 

to elucidate their importance as viral decoys, WT cells need to be infected with the UL4- or 

UL5-stop viruses. Preliminary experiments were carried out using ZAP KO cells, but no 

conclusive results could be drawn (data not shown). 

Furthermore, given the fact that UL4 and UL5 genes are non-essential for virus growth in 

cultured fibroblasts (Ripalti and Mocarski, 1991; Takekoshi et al., 1991), their function may be 

more prominent in vivo than in an in vitro environment, where successful evasion of the immune 

response might facilitate viral replication and spread. There are currently seven established 

animal models to study the principles of CMV infection (pig, guinea pig, rat, mouse, 

chimpanzee, rhesus macaque, tupaia), with the most frequently utilized one being the murine 

model, represented by infection of the house mouse (Mus musculus) with murine CMV (MCMV) 

(reviewed in Fisher and Lloyd, 2020). The effect of ZAP could be explored in the mouse model 

given the fact that ZAP KO mice have previously been successfully generated (Wang et al., 

2016). However, the long co-evolutionary development of CMV within its host has resulted in 

species-specific adaptations and the consequent genomic differences between different CMVs, 

which poses a major challenge for translational approaches. For instance, not only mouse, but 

also rat and tupaia cytomegaloviruses would be disqualified as animal models to study UL4 

and UL5, since they lack the RL11 gene family (Rawlinson et al., 1996; Vink et al., 2000; Bahr 

and Darai, 2001). The rhesus CMV (RhCMV), however, could be employed as it encodes 

almost all of the classified HCMV gene families, including RL11 (Hansen et al., 2003). As an 

alternative, other infection models that mimic the host environment, such as co-cultures of 

fibroblasts and immune cells or three-dimensional tissue cultures like organoids, could help to 

explore the role of UL4 and UL5 in a more complex and integrated system.  

In summary, the present study identified an early perturbation exerted by ZAP on the transcripts 

originating from the HCMV UL4-UL5 locus. This could influence an unknown early function of 

these viral products that may or may not ultimately impact viral DNA replication, a connection 

that could not be established here, but would need further analyses to be completely excluded. 

For UL5, ZAP could target its transcripts early in infection to either (i) diminish their possible 

late function in the assembly compartment, in line with their proposed role by Anselmi et al. 

(2020), or (ii) modulate another, yet unknown early function of this viral product. Whether ZAP 

negatively affects the short, low abundant UL5 transcripts that are expressed with late kinetics 

was not addressed here, as the impact of ZAP during early HCMV infection was the focus of 

study.  
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5.3.1. Could ZAP act as a putative cellular regulatory protein for the UL4-UL5 viral locus 

during HCMV infection?  

From the observations made in this work, the question arises as to how ZAP modulates UL4-

UL5 transcripts and the implications deriving from this regulation. 

The HCMV UL4 early promoter has been extensively studied due to its strong post-

transcriptional regulation, and used as a model to explore the activation of early viral gene 

expression (Chang et al., 1989b; Huang et al., 1994; Huang and Stinski, 1995; Chen and 

Stinski, 2000). On the one hand, UL4 transcription is negatively regulated by a repression 

region upstream of the TATA box and the CAAT box. On the other, the promoter presents a 

cis-acting positive element that is enhanced when the negative element region is absent, and 

to which different factors bind to activate UL4 downstream transcription. Moreover, the viral 

immediate-early regulatory protein IE2 plays a crucial role in the regulation and activation of 

the promoter as well. IE2 activates the promoter by binding to the cis-acting negative element 

and competing with cellular factors that could act as cellular repressors (Chang et al., 1989a) 

(Figure 54). The cellular factors binding to the negative regulatory element were not 

characterized at that time, but a cellular protein of approximately 102 kDa was identified as one 

of them (Huang and Stinski, 1995), which, strikingly, corresponds well with the molecular weight 

of ZAP-L. Taken together, these observations raise the question of whether ZAP might play a 

regulatory role not only by binding to transcripts from the UL4-UL5 locus, but also to the 

upstream promoter within this negative regulatory element, thus acting as a cellular repressor. 

Despite the fact that ZAP has not been identified so far to bind to DNA, it is well established 

that ZnFs are able to interact not only with RNA but also with DNA to regulate several cellular 

processes (reviewed in Cassandri et al., 2017). 

 

Figure 54. Proposed sequence for the HCMV UL4 coding region. Schematic representation of the 
UL4 coding sequence of HCMV TB40/E strain, including the promoter and uORF2 located within the 5’-
UTR region of UL4 transcripts. Depiction based on studies performed with the HCMV Towne strain 
(Huang and Stinski, 1995) and adapted from the TB40/E-BAC4 genome EF999921.1. The region that 
represses downstream transcription (orange) is depicted between -220 and -123 bp relative to the 
transcription start site (TSS, designated with an arrow). The TATA box and the CAAT box are located -
29 bp and -98 bp upstream of the TSS, respectively. ZAP binding site is represented in dark red and 
includes 170 bp within the 5’-UTR (between -15 and +155 bp relative to the TSS), overlapping with the 
region encompassing uORF2 (proposed to cover from nucleotide +20 to +87 downstream of the TSS). 
bp, base pair. 
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Moreover, apart from the extensive regulation on transcription, early UL4 translation is also 

regulated by a short upstream open reading frame (designated as uORF2) present within the 

5’-UTR of the UL4 mRNA (Figure 54) (Schleiss et al., 1991). Previous studies identified ZAP 

binding sequences within the 3′-UTR or 5′-UTR of viral or cellular RNA (Li et al., 2015; Schwerk 

et al., 2019). Strikingly, the eCLIP-seq data derived from this work revealed a strong peak 

enrichment for ZAP directly correlating to the region spanning for uORF2, which was not 

annotated in the HCMV genome (see Figure 54, depicted in dark red). 

The nascent 22-codon peptide originating from this uORF2 mediates inhibition of downstream 

translation by blocking translation termination at its own termination codon. The nascent 

uORF2 peptidyl-tRNAPro is not hydrolyzed but retained in the ribosome, which leads to 

ribosome stalling on the transcript leader (Degnin et al., 1993; Cao and Geballe, 1995, 1996a, 

b). The latest model proposes that scanning ribosomes dissociate upon collision with the stalled 

80S ribosome, conferring resistance to translation of the main ORF (Bottorff et al., 2022). Since 

the peptide sequence of uORF2 seems essential to exert its inhibitory effect on UL4 translation 

(Alderete et al., 1999), it was relevant to check the uORF2 peptide from the TB40/E strain, the 

one used in this study, to determine whether TB40/E uORF2 would retain its inhibitory 

properties. Indeed, uORF2 product presents a triple codon polymorphism, K9E, K10E, and 

T16I, that is not present in other laboratory strains such as Towne. However, these mutations 

are also found in some clinical isolates and, based on previously performed transfection 

experiments, these changes conserve the inhibitory effect on translation (Degnin et al., 1993; 

Alderete et al., 1999). This suggests that the uORF2 downstream translation regulation of UL4 

observed in the Towne strain is likely conserved in the TB40/E strain. Nowadays, given the 

many studies regarding the RNA molecule, it could be contemplated a mechanism in which 

uORF2 does not only act in a sequence-dependent manner, as previously proposed, but in 

which RNA structure could also potentially play a role. 

Taking these observations into account, the strong interaction of ZAP with uORF2 on the mRNA 

level could either contribute to the destabilization of UL4 transcripts, as previously observed, 

and/or regulate UL4 translation. In the latter case, ZAP could bind to uORF2 transcripts for 

stabilization or competition with other cellular and/or viral factors implicated in UL4 regulation. 

Theoretically, this may lead to the proposed ribosome stalling and negative regulation on UL4 

translation. This scenario would implicate a different role for ZAP in modulating viral translation 

and seems plausible taking into account that ZAP has been recently shown to play an active 

role in translational regulation by binding to different parts of the ribosome through protein-

protein interaction (Zimmer et al., 2021).  

To prove the above-mentioned hypotheses, studying UL4 transcription and translation in 

presence or absence of ZAP would be crucial. For this purpose, reporter constructs could be 

generated and should include the promoter with all the essential regulatory elements as well 

as the 5’-UTR harboring the uORF2 sequence (see Figure 54). Moreover, in the present study, 
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protein levels of UL4 could not be determined by the used proteomic methodology, likely due 

to the fact that UL4 might be secreted. 

To summarize, ZAP could regulate the HCMV UL4-UL5 locus in a variety of manners. ZAP 

reduction on UL4-UL5 transcript levels could (i) be due to the direct binding to the different 

positions along the UL4-UL5 transcript, including the 5’-UTR (as observed in Figure 35C) 

and/or (ii) derive from an indirect effect by targeting the repression region of the promoter, 

which at this point is merely speculative. Moreover, ZAP could have an effect not only on 

transcription from this locus but it could also negatively affect translation efficiency. The latter 

was not confirmed in the present work, but seems plausible since ZAP was found to bind 

strongly to transcripts corresponding to the uORF2 region, which eventually could lead to the 

stalling of the ribosome upstream of UL4 ORF. 

5.4. Characterization of ZAP binding preferences during HCMV infection 

The binding of ZAP to abundant CG-dinucleotide regions of RNA has been widely 

demonstrated. In fact, ZAP-mediated restriction increases by introducing CG-dinucleotides into 

the viral genome, as shown for HIV-1, SINV, or the picornavirus echovirus 7 (Takata et al., 

2017; Odon et al., 2019; Ficarelli et al., 2020; Loew et al., 2020; Goonawardane et al., 2021). 

In line with this, ZAP specificity and differentiation between self and non-self RNA seems to lay 

on the low CG content present in the human genome (Antequera and Bird, 1993; Holliday and 

Grigg, 1993). CG dinucleotides within the vertebrate DNA are heavily methylated at position 5 

of the cytosine. Deamination of 5-methylcytosine (m5C) changes the base to thymidine, making 

the C to T transition the most frequent mutation in human DNA (Bestor and Coxon, 1993). 

While some viruses, like HIV-1, have evolved to mimic the human genome by reducing their 

CG content (Takata et al., 2017; Gonçalves-Carneiro et al., 2021), HCMV exhibits a genome 

rich in CG, being the highest among human Betaherpesvirinae (Sharma et al., 2016; Lin et al., 

2021). An interesting feature is the prominent differences in CG content between ISGs and 

IRGs (interferon-repressed genes), where ISGs have around 50% less CG than IRGs (Shaw 

et al., 2021). Over millions of years of evolution, ZAP and other antiviral key factors for the host 

could have exerted a positive selection pressure for low CG content in some essential antiviral 

genes, thus shaping the interferome (Shaw et al., 2021). Viruses and ISG transcripts have one 

thing in common – the need to avoid the antiviral state. In line with this, Shaw and colleagues 

recently showed that ZAP reduces the abundance of transcripts from genes classified as IRGs, 

which are downregulated upon IFN stimulation, but does not seem to affect ISGs, which need 

to be strongly upregulated to establish the antiviral state in the host. Nevertheless, other studies 

demonstrated that not only CG- but also UA-rich regions can be possible targets for ZAP (Odon 

et al., 2019; Schwerk et al., 2019; Goonawardane et al., 2021), even if the binding to UA at the 

structural level remains unclear. 
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The study presented here utilized the nucleotide resolution of eCLIP-seq to perform 

dinucleotide analyses on the strongest crosslinking sites. In agreement with previous 

publications, these analyses revealed CG-rich sequences as possible binding preferences for 

ZAP (Takata et al., 2017; Chiu et al., 2018; Meagher et al., 2019; Luo et al., 2020). However, 

not only CG but also other cytosine-containing dinucleotides were identified to be highly 

overrepresented in the crosslinking sites, while adenosines were significantly 

underrepresented. Furthermore, no specific sequence motifs for the binding sites of ZAP were 

identified, but only a few spurious motifs. Given that these were largely composed of 

overrepresented dinucleotides, it was concluded that ZAP probably does not recognize longer 

specific sequence patterns, but preferentially binds to cytosine-rich regions. In fact, to date, no 

previous study could identify homologous sequences when comparing ZAP-responsive 

elements (ZREs) found in different viral genomes (Guo et al., 2004; Wang et al., 2012; Mao et 

al., 2013; Li et al., 2015). 

Due to the recognized contribution of ZnFs to RNA binding, earlier studies have explored the 

specific implication of ZnFs for the activity of ZAP and identified that its second zinc finger 

(ZnF2) plays a crucial role in binding to CG-dinucleotides within RNA sequences (Meagher et 

al., 2019). Therefore, to further explore the binding preferences of ZAP during HCMV infection, 

the ZnF2 was investigated. For this purpose, ZAP-S and ZAP-L Y108A mutants, unable to 

accommodate CG-dinucleotides, were generated based on the work presented by Meagher et 

al. (2019) (see Section 1.4.3 and Figure 12). 

First, a transient-overexpression system in HEK 293T cells pointed out to the importance of the 

ZnF2 capacity of both ZAP-S and ZAP-L isoforms to destabilize UL4 and UL5 transcripts in 

vitro. In line with this, stable-overexpression in HFF-1 cells also showed the importance of this 

pocket for ZAP-S to reduce UL4 and UL5 protein levels, whereas it suggested that ZAP-L might 

not be involved in their regulation, regardless of the integrity of its ZnF2 (shown in Figure 45A 

and 45B, respectively). However, conclusions derived from these assays should be made with 

great caution, as transient-transfection assays are not always reliable indicators of regulatory 

mechanisms. Moreover, the plasmid constructs should also include not only the UL4 or UL5 

coding sequences, but also essential regions for the regulation of both transcription and 

translation, as indicated above (see Figure 54). The individual role of each isoform of ZAP 

should be further analyzed in the context of infection since both cellular and viral factors can 

regulate the expression of the viral UL4 and UL5 transcripts (Huang et al., 1994; Huang and 

Stinski, 1995; Chen and Stinski, 2000). Lastly, these assays were performed with N-terminally 

tagged ZAP-L, which could disrupt the CaaX motif (Charron et al., 2013). While untagged ZAP-

L was shown in other experiments to have a similar impact as the tagged form during infection, 

it would be advisable to repeat these overexpression experiments with untagged ZAP-L. 

Strikingly, while the CG-binding capacity of the ZnF2 seems important for ZAP to reduce the 

levels of the viral UL4 and UL5 proteins in overexpression systems, it was not essential for ZAP 
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to exert its antiviral activity against HCMV during infection. It is worth noting that, while the 

integrity of the ZnF2 seems not essential, it could be an important feature of ZAP, since the 

defective mutants reduced UL44 protein levels only partially when compared to the reduction 

observed by overexpressing ZAP WT isoforms (Figure 46B). Nevertheless, this partial effect 

seemed to be compensated over the course of infection as both ZAP-S and ZAP-L Y108A 

isoforms were able to negatively affect viral DNA replication to a similar extent as WT isoforms, 

independently of the integrity of their ZnF2 (Figure 46A). Based on this, by affecting the CG-

binding capacity of the ZnF2, the ability of ZAP to degrade its specific targets would be 

negatively influenced, which, in turn, could lead to finding alternative targets as a 

compensation, as suggested by Meagher and colleagues for HIV-1 (Meagher et al., 2019). The 

authors demonstrated that ZnF2 mutants, while losing antiviral activity against a CG-enriched 

HIV-1 strain, gained activity against HIV-1 WT, presumably through non-specific RNA binding 

(Meagher et al., 2019). Alternatively, a loss of viral fitness when overexpressing the CG-binding 

ZAP mutants could occur if the binding of ZAP to CG were to benefit the virus in some way, 

e.g., by stabilizing important viral or cellular transcripts during infection. Thus, the question 

remains whether despite the impairment of its ZnF2, ZAP is still able to control HCMV infection 

using alternative means, or whether this loss of the ability of ZAP to bind to CG-dinucleotides 

is what renders the virus less advantageous. HCMV, a highly host-adapted virus, has evolved 

a wide variety of mechanisms which could include the usage of a cellular protein such as ZAP 

for its own benefit, and we may be witnessing yet another example of its long co-evolution with 

humans and its great adaptability to its host.  

Altogether, these observations raise the question of whether ZAP could employ alternative CG-

independent mechanisms to target transcripts and exert its antiviral activity during HCMV 

infection, independent of its ZnF2. For instance, ZAP could utilize the other zinc finger motifs 

(ZnF1, ZnF3, and ZnF4), which also have the ability to bind RNA by a yet unknown sequence 

specificity (Meagher et al., 2019; Luo et al., 2020). In line with this, other groups have previously 

performed mutagenesis analyses on the N-terminal domain of ZAP and have demonstrated the 

importance of specific ZnFs for the control of different viral infections. For instance, ZnF1 and 

ZnF2 appear to be required for the antiviral activity of ZAP against pseudotyped MLV vector 

(Wang et al., 2010b; Chen et al., 2012), while the ZnF3 does not seem to contribute to the 

antiviral activity of ZAP against reporters of Sindbis virus (SINV) or MLV (Chen et al., 2012). 

This highlights the need to further study the individual role of each zinc finger in the control of 

specific infections. Based on these previous studies, the use of different deletion mutants 

affecting the other ZnFs would be an option to elucidate their involvement during HCMV 

infection. In addition, these analyses should consider the ZnF5 due to its recent attribution to 

contribute to potentiate ZAP-mediated virus inhibition (Xue et al., 2022). Xue and colleagues 

identified a prominent pocket formed within the central domain structure of ZAP, which 

comprises the ZnF5 and the WWE tandem, capable of accommodating an adenosine 

diphosphate (ADP) unit (Xue et al., 2022).  
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Furthermore, not only the location and the local sequence context, but the secondary structure 

of the bound RNA may determine the activity of ZAP (Huang et al., 2010; Ficarelli et al., 2020; 

Kmiec et al., 2021). Current knowledge of the multifunctionality of RNA, which stems from its 

ability to fold into three-dimensional complex structures that combine multiple structural motifs 

(Cruz and Westhof, 2009), places this molecule in almost all cellular processes, including those 

of immune defense and viral infection. In fact, a variety of RNA and DNA viruses fold their RNA 

in structures to maximize replication (Fernández et al., 2013; Manokaran et al., 2015), which is 

why the immune system senses viral single- and double-stranded RNA to maintain broad 

antiviral defenses (Jensen and Thomsen, 2012; Kell and Gale, 2015). Moreover, the initial fold 

of an RNA molecule depends primarily on its sequence based on Watson-Crick pairing of 

complementary bases. In line with this, the present work identified an overrepresentation of 

cytosine-containing dinucleotides within strong ZAP-binding regions, which usually lead to high 

rates of folding since a cytosine-guanosine pairing forms a strong bound. Moreover, these 

binding sites for ZAP seem to be devoid of adenosines, which could represent double-stranded 

regions as well. This observation was derived from a study performed in HIV-1 that showed 

how its retroviral genome has a bias toward the use of adenosines, and demonstrated that 

double-stranded regions feature an underrepresentation of adenosines, while A-rich regions 

are more present in single-stranded RNA due to their lower possibilities for pairing (van Hemert 

et al., 2013). Altogether, this suggests the potential of transcripts targeted by ZAP to fold into 

secondary structures. Whether higher-order ZAP-RNA structures are formed remains to be 

determined and this would require to elucidate the structure of the targeted RNA, which could 

present a major challenge. Although the structure of RNA is formed based on base pairing 

rules, there are potentially a vast number of possible structural permutations, which makes in 

silico predictions for long or unstable RNA molecules not accurate enough (reviewed in Smyth 

et al., 2018). A promising approach is the use of today’s powerful RNA structural probing 

methods coupled with high-throughput sequencing technology for resolving the secondary 

structure of the targeted RNA, enabling for the generation of models that provide useful 

biological insights (Watts et al., 2009; Rausch et al., 2017; Jayaraman and Kenyon, 2018). 

Chemical probes differentially react with single-stranded or double-stranded RNA, indicating 

whether a nucleotide may or may not be paired. Combining this information with structure 

prediction algorithms can significantly improve their accuracy.  

In summary, while some studies rely on the overall CG content to determine ZAP sensitivity, 

the work presented here proves that it does not always predict susceptibility to ZAP-mediated 

restriction, since transcripts with a predicted low CG content, like UL4 or UL5, are direct targets 

of ZAP. Moreover, during HCMV infection, the antiviral activity of ZAP appears to be 

independent of its ability to bind CG-dinucleotides through its second zinc finger, hinting at 

different mechanisms for infection control. In fact, the results derived from this study suggest a 

broader RNA binding preference for ZAP, in which not only CG but also other cytosine-rich 

RNAs are strongly bound. This could pose an advantage for ZAP, allowing it to act against a 
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variety of viruses, which, in turn, would be less likely to escape detection by ZAP, for instance, 

by single nucleotide mutations. At this point, the usage of the other zinc fingers, the importance 

of the sequence context surrounding the ZAP binding sites, or the possible secondary 

structures of the bound RNA should be considered while further investigating ZAP binding 

motifs. 

5.5. Effect of the antiviral protein ZAP on the α-herpesviruses HSV-1, HSV-2, and VZV 

The possible effect that ZAP could exert on human α-herpesviruses was explored in this work, 

showing for the first time a positive impact of ZAP on two members of this subfamily, HSV-1 

and VZV (findings are represented in Figure 55). 

 

Figure 55. Schematic representation of the impact exerted by the presence of ZAP during α-
herpesviral infections, comparing WT and ZAP KO HFF-1 cells. (A, B) The presence of ZAP leads 
to increased HSV-1 viral growth (A) and higher levels of the analyzed late viral transcripts of VZV (B), 
suggesting a proviral role in the context of these infections. (C) For HSV-2, no differences in viral titers 
were observed in the presence of ZAP.  

The work presented here showed a positive effect for ZAP-L on HSV-1 replication (Figure 47), 

suggesting a proviral role for the long isoform during infection (Figure 55A). A previous study 

performed by Bick and colleagues (Bick et al., 2003) did not observe an effect on HSV-1 
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replication when overexpressing the N-terminal sequence of rat ZAP in fibroblasts. However, 

first, the observations made in the present work are based on endogenous human ZAP 

following infection in WT versus ZAP KO cells, where phenotypes may be more distinct. 

Secondly, the study from Bick et al. (2003) included only the N-terminal domain of rat ZAP (i.e., 

the first 254 amino acids), lacking the central domain, which contains the TPH domain with the 

ZnF5, recently shown to contribute to the antiviral function of ZAP (Xue et al., 2022), and the 

C-terminal PARP-like domain, which is essential for localization of ZAP-L and thus, its absence 

may influence its putative function (Charron et al., 2013; Kmiec et al., 2021). 

Su et al. (2015) identified the viral endoribonuclease UL41 of HSV-1 as an evasion protein for 

human ZAP. The authors demonstrated how UL41 degrades the mRNA of both human ZAP 

isoforms by using HEK 293T cells expressing either ZAP-S or ZAP-L under a Tet-on inducible 

system (Su et al., 2015). On the contrary, our study monitored endogenous levels of ZAP and 

showed that while endogenous ZAP-S was either actively degraded or not induced in the first 

place upon HSV-1 infection, protein levels of ZAP-L were still detectable. After HSV-1 entry, 

the viral protein UL41 is released into the cytosol where it causes disruption of polysomes and 

degradation of host mRNAs, redirecting the cell from supporting host to viral protein synthesis. 

This way, UL41 suppresses host antiviral responses that require new protein synthesis. Thus, 

the results presented here partially agree with the observations made by Su and colleagues 

(2015), as well as further demonstrate that ZAP-L protein is still present during HSV-1 infection, 

suggesting that UL41 is likely to affect only its de-novo transcription. Moreover, previous studies 

suggest that UL41 specificity may lie in the presence of AU-rich elements (AREs) within the 3’-

UTR of viral and cellular mRNAs (Esclatine et al., 2004; Taddeo and Roizman, 2006). This 

explains the specific degradation of ZAP mRNA by UL41, since its 3’-UTR contains ARE-

regions, which are frequently present in transcripts with immune response-related functions, 

including interferons and chemokines (Bakheet et al., 2001). Regarding HSV-2, there was a 

protein profile for ZAP similar to that observed with HSV-1, in which only ZAP-L protein was 

detected after infection (Figure 48). Taken together, it appears that ZAP-L protein is not a target 

for UL41 and therefore should be considered for its possible role during infection. Nevertheless, 

to elucidate whether ZAP-S is not induced upon infection or is actively degraded by HSV-1 

and/or HSV-2, its transcript and protein levels could be monitored during infection and mRNA 

decay could be attenuated, e.g., by using specific inhibitors of this pathway (Poetz et al., 2021). 

HSV-1 was not the only herpesvirus from the α-herpesvirinae subfamily that showed a positive 

growth in the presence of ZAP. A proviral role for ZAP in the context of VZV was suggested 

based on higher levels of the late viral transcripts Orf9 and Orf40 in WT cells compared to ZAP 

KO cells during VZV infection (Figure 49, Figure 55B). 

The reason why HSV-1 or VZV viruses would develop mechanisms to exploit or hijack ZAP in 

order to increase their viral fitness remains elusive although different hypotheses could be 

drawn. For instance, these viruses could redirect the capacity of ZAP to target viral transcripts 
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for stabilization of their own mRNAs. Moreover, another possibility is that ZAP-L, which can be 

targeted to membranes within the viral assembly compartment, could contribute to HSV-1 or 

VZV infection by enhancing viral assembly and thus increasing viral release, as previously seen 

for MVA (Peng et al., 2020). This would explain the lack of effect on HSV-1 replication observed 

by Bick and colleagues (2003), since they overexpressed only the N-terminal domain of ZAP 

that does not contain the PARP-like domain and, therefore, its correct localization and activity 

could have been unnoticed. 

Despite the presence of ZAP-L, no effect on HSV-2 replication was observed, which may 

suggest a lack of an antiviral function for ZAP against this specific virus or an as yet unknown 

viral countermeasure (Figure 55C). For instance, ZAP-L protein may still be present but 

incapable of exerting its antiviral activity, either due to (i) a block on the putative transcript 

targets for ZAP-L, like is the case for Influenza A virus (Tang et al., 2017), (ii) a virus-mediated 

downregulation of cofactors needed by ZAP to recruit the exosome machinery and exert its 

mRNA decay activities, or even (iii) a viral factor competing with those cofactors (i.e., by 

recruiting a viral protein similar to a ZAP cofactor). At this point, these are all hypotheses but 

the results obtained during this work open a new promising path for the understanding of HSV-

2 immunopathology where further investigation is warranted. 

The observations made here suggest an involvement of ZAP in other human herpesvirus 

infections. HSV-1 and VZV could have evolved mechanisms to hijack the effect of ZAP and 

use it for its own benefit, while HSV-2 could be blocking ZAP-L protein functions as described 

above. Furthermore, the fact that HSV-2 does not seem to be affected by the presence of ZAP 

despite its high CG content, which is among the highest within human herpesviruses at around 

70% (Lin et al., 2021), illustrates another example of how CG content should not be considered 

predictive of ZAP antiviral activity. In contrast, VZV exhibits a very low CG content, comparable 

to that of the human genome (Lin et al., 2021), and yet could even benefit from the activity of 

ZAP. 

Elucidating the mechanisms behind these phenotypes may help to understand the interaction 

between ZAP and these viruses as well as their immunopathology, and to contribute to the 

development of specific therapies for these highly clinically relevant human viruses. 
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5.6. Closing remarks: ZAP as a versatile antiviral protein 

Looking back over the 20 years of research since the discovery of ZAP as an antiviral protein, 

there is one clear insight to be gained - the versatility of ZAP and the promise of more to follow. 

ZAP was first discovered for its capacity to bind RNA and recruit the exosome machinery for 

degradation of its targets. Only few years later, its ability to influence the translation machinery 

came to light. After this, most of the studies focused on its potential to regulate the viral and 

cellular transcriptome, until the big omics-era arrived and ZAP perspectives were broadened. 

ZAP was shown to not only affect the main two RNA decay mechanisms but to interact with 

other essential players like the ribosome and participate in translational events such as 

frameshifting (Zimmer et al., 2021). Besides, ZAP has been implicated in important cellular 

processes, including cell apoptosis or even viral assembly within membrane compartments. 

Another exciting avenue to be explored for ZAP is its still puzzling way of binding to RNA, 

initially restricted to its N-terminal domain, but which in recent years has been extended to its 

central domain, opening up a wide range of possibilities. 

All the known and, above all, unknown aspects of ZAP make this protein a great candidate for 

attention. Understanding the mechanisms employed not only when encountering different viral 

infections, but also in steady state during cellular processes, remains an important topic of 

study. Indeed, the implication of ZAP on cellular pathways has become notorious during this 

work, mainly through its involvement in the regulation of cellular apoptosis, a role that should 

be considered for infections in which programmed cell death could play an essential role. 

The work presented here supports the multiple layers of complexity of this RNA binding protein, 

highlighting its different facets depending on the virus species it encounters and demonstrating 

different roles even between members of the Herpesviridae. For HCMV, ZAP appears on the 

scene at early stages of infection, decelerating the viral gene expression cascade and 

handpicking a distinct set of viral transcripts for degradation, mainly from the UL4-UL5 HCMV 

locus. This sheds light on a possible role for UL4 and/or UL5 early during infection, paving a 

new avenue to explore these poorly characterized HCMV genes as potential targets for novel 

therapies. This study also broadens the binding preferences of this zinc finger protein, opening 

the path to investigate ZAP binding from a different perspective, from which other zinc fingers 

or even the secondary structure of ZAP-bound RNA should be considered. To conclude, a 

comprehensive understanding of the molecular and cellular biology of ZAP may allow diverse 

translational applications for the advancement of human health. The work presented here 

hopes to open new avenues of exploration with the promise of more to come. 
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Appendix 

Table A1. List of ISGs induced early after HCMV infection according to Weekes et al. (2014). 

Abbreviation Name 

ABTB2 Ankyrin repeat and BTB/POZ domain-containing protein 2 

AGPAT9 Glycerol-3-phosphate acyltransferase 3 

APOL2 Apolipoprotein L2 

ATF3 Cyclic AMP-dependent transcription factor ATF-3 

B4GALT5 Beta-1,4-galactosyltransferase 5 

C1S Complement C1s subcomponent 

DDX58 Probable ATP-dependent RNA helicase DDX58 

DDX60 Probable ATP-dependent RNA helicase DDX60 

DTX3L E3 ubiquitin-protein ligase DTX3L 

HERC6 Probable E3 ubiquitin-protein ligase HERC6 

IFI35 Interferon-induced 35 kDa protein 

IFI44 Interferon-induced protein 44 

IFI6 Interferon alpha-inducible protein 6 

IFIH1 Interferon-induced helicase C domain-containing protein 1 

IFIT1 Interferon-induced protein with tetratricopeptide repeats 1 

IFIT2 Interferon-induced protein with tetratricopeptide repeats 2 

IFIT3 Interferon-induced protein with tetratricopeptide repeats 3 

IRF2 Interferon regulatory factor 2 

IRF9 Interferon regulatory factor 9 

ISG15 Ubiquitin-like protein ISG15 

ISG20 Interferon-stimulated gene 20 kDa protein 

MX1 Interferon-induced GTP-binding protein Mx1 

MX2 Interferon-induced GTP-binding protein Mx2 

NMI N-myc-interactor 

OAS1 2'-5'-oligoadenylate synthase 1 

OAS2 2'-5'-oligoadenylate synthase 2 

OASL 2'-5'-oligoadenylate synthase-like protein 

RSAD2 Radical S-adenosyl methionine domain-containing protein 2 

SECTM1 Secreted and transmembrane protein 1 

SP110 Sp110 nuclear body protein 

TIMP1 Metalloproteinase inhibitor 1 

ZC3HAV1 Zinc finger CCCH-type antiviral protein 1 

 

 



Appendix 

170 

 

Table A2. List of binding sites for ZAP within the HCMV genome (EF999921.1) exceeding an enrichment 
of >5-fold over input. Indicated are the position on the HCMV genome (including the positive or negative 
strand), the enrichment value and the HCMV ORFs to which these binding sites are mapped to. 

 

 

Location Enrichment ORF 

10305-10366 + 5,57 US18 

39774-39840 + 8,68  

39946-40166 + 9,02  

106294-106407 + 5,45 UL50 

142279-142336 + 5,44 UL75 

210594-210645 + 5,12 UL132 

22658-22708 - 6,02 US27 

46026-46196 - 14,3  

46281-46387 - 7,47 UL4 

46687-46928 - 7,77 UL4, UL5 

47008-47098 - 5,79 UL5 

47173-47282 - 5,43 UL5 

47428-47529 - 8,74 UL6 

167943-167993 - 5,32 UL92 

182640-182690 - 5,02 UL102 
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Figure A1. ISGs protein temporal profiles during the course of HCMV infection. Data extracted and 
adapted from Weekes et al. (2014). Panels represent the temporal profiles of the 32 ISGs listed in Table 
A1, upregulated during HCMV infection (Schoggins et al., 2011; Weekes et al., 2014). The y-axis shows 
relative abundance of each protein and the x-axis represents hours post infection. Red dots indicate 
protein levels of samples taken 12 hours after infection with UV-irradiated HCMV. 



Appendix 

172 

 

Figure A2. Generation of ZAP KO Calu-3 cell lines. (A) Schematic representation of the targeted 
positions for the two employed gRNAs within the first exon of the Zc3hav1 gene, leading to the generation 
of two independent ZAP KO Calu-3 cell lines (using ZAP gRNAs 1 or 3). In parallel, a non-targeted gRNA 
(FFluc gRNA 1) was used to generate a control cell line. (B) Cell lines were generated as indicated in 
Section 3.2.7 and sorted by flow cytometry for RFP signal (low and high levels). WT, the two different 
ZAP KO, and control Calu-3 cell lines were mock-treated or stimulated with IFNβ (20 ng/mL) for 24 hours 
and ZAP protein levels were detected by immunoblotting using a ZAP-specific antibody. Actin served as 
a loading control. 
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Figure A3. ISG induction in WT and ZAP KO HFF-1 cells at 24 hpi. (A, B) WT or ZAP KO HFF-1 cells 
were untreated or infected by centrifugal enhancement with HCMV (MOI 0.1). Total RNA was extracted 
at 24 hpi and subjected to total transcriptome analysis. Represented are log fold changes at 24 hpi 
compared to untreated conditions for WT (A) or ZAP KO (gRNA 3) (B) HFF-1 cell lines. Log fold changes 
were calculated using edgeR and plotted against each other. ISGs are annotated in red. hpi; hours post 
infection. This figure was modified from Gonzalez-Perez et al. (2021). 
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Figure A4. Relative temporal expression levels of HCMV genes above a reasonable expression 
threshold at 8, 24, and 72 hpi. WT, control, and two independent ZAP KO HFF-1 cell lines (gRNA 1 
and gRNA 3) were untreated, mock-treated, or infected by centrifugal enhancement with HCMV (MOI 
0.1). Total RNA was extracted at the indicated time points and subjected to total transcriptome analyses. 
HCMV gene expression was quantified and relative temporal expression levels were calculated by 
dividing the normalized expression values (fpkm) per sample by the sum of these values for the same 
gene in six samples of the same cell line. Based on this, genes were grouped using unsupervised 
clustering representing different kinetic classes, which are shown from top to bottom from immediate-
early to late classes. In addition, shown to the right is the kinetic classification from Weekes et al. (2014) 
(i.e., immediate-early, early, late) when available, or if the gene codes for a non-coding RNA (ncRNA). 
UL138 and RNA2.7 are marked with an asterisk (*). This figure was modified from Gonzalez-Perez et al. 
(2021). 
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Figure A5. ZAP binds to and affects the stability of cellular transcripts with no apparent specific 
motif. (A, B) Empirical cumulative distributions of log2 fold changes in ZAP KO versus WT HFF-1 
untreated (i.e., uninfected) cells in total RNA (A) or newly synthesized RNA (B). Genes were stratified 
according to the number of detected ZAP binding sites in eCLIP-seq data, where “weak” binding sites 
are defined by having <5-fold enrichment over input RNA. Indicated in brackets are the number of genes 
per stratum and the P-values from a two-sided Kolmogorov-Smirnov test comparing against genes with 
no binding sites. (C) YTTCC motif identified by DREME in 1,268 out of 2,158 binding sites 1-50 nt 
downstream of the main crosslinking site, and in 729 out of 2,158 shuffled control sequences. (D) AGRA 
motif identified by DREME in 990 out of 2,158 binding sites 1-50 nt downstream of the main crosslinking 
site, and in 698 out of 2,158 shuffled control sequences. (E) GCYGCYGC motif identified by DREME in 
269 out of 2,158 binding sites 1-50 nt downstream of the main crosslinking site, and in 83 out of 2,158 
shuffled control sequences. This figure was modified from Gonzalez-Perez et al. (2021). 
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I. List of abbreviations 

× g  Times gravity, unit of relative centrifugal force (RCF) 

4sU  4-thiouridine 

ACV   Acyclovir  

ADP   Adenosine diphosphate 

AIDS  Acquired immunodeficiency syndrome 

AREs  AU-rich elements  

ATCC  American Type Culture Collection  

BAC  Bacterial artificial chromosome 

BSA  Bovine serum albumin 

BUNV   Bunyamwera virus 

C-terminus Carboxy-terminus 

Calu-3  Human lung cancer cell line 

Cas9  CRISPR associated protein 9 

CDC  Center for Disease Control and Prevention 

cDNA  Complementary DNA 

CDV   Cidofovir  

CG  Cytosine-guanine dinucleotide 

cGAS   Cyclic GMP-AMP synthase 

Cm  Chloramphenicol  

CMC  Carboxymethylcellulose 

CPE  Cytopathic effect 

CRISPR Clustered regularly interspaced short palindromic repeats 

Ct  Cycle threshold 

DAPI  4’,6-diamidino-2-phenylindole 

ddH2O  Double-distilled water 

DMEM  Dulbecco's Modified Eagle's Medium 

DMSO  Dimethyl sulfoxide 

DNA  Deoxyribonucleic acid  

Dpi  Days post infection 

dsDNA  Double-stranded DNA 

dsRNA  Double-stranded RNA 

eCLIP  Enhanced crosslinking and immunoprecipitation  
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E gene  Early gene 

EBV  Epstein-Barr virus 

EDTA  Ethylenediaminetetraacetic acid  

eGFP  Enhanced green fluorescent protein 

eIF   Eukaryotic initiation factor 

ER  Endoplasmic reticulum 

FACS  Fluorescence-activated cell sorting 

Fas  Fas receptor (or TNFRSF6) 

FasL  Fas ligand 

FBS  Fetal bovine serum 

FCV   Famciclovir  

FDA  Food and drug administration 

FFLuc  Firefly luciferase 

FOS   Foscarnet 

Gag  Group-specific antigen 

gB  Viral glycoprotein B  

GCV   Ganciclovir  

gD  Viral glycoprotein D 

GFP  Green fluorescent protein 

gH  Viral glycoprotein H 

gL  Viral glycoprotein L  

gRNA  Guide RNA 

HBSS  Hanks’ Balanced Salt Solution 

HCMV  Human cytomegalovirus 

HCV  Hepatitis C virus 

HDACis  Histone deacetylase inhibitors 

HEK  Human embryonic kidney (cells) 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  

HFF-1  Human foreskin fibroblast 

HHV  Human herpesvirus 

HIRI   Helmholtz Institute for RNA-based Infection Research 

HIV-1  Human immunodeficiency virus 1 

Hpi  Hours post infection 

HPIs   Helicase-primase inhibitors 

HRP  Horseradish peroxidase 
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HSV-1  Herpes simplex virus type 1 

HSV-2  Herpes simplex virus type 2 

I-BETs  Bromodomain and extraterminal protein inhibitors 

IAV  Influenza A virus 

IB  Immunoblotting 

IE gene Immediate-early gene 

IE1  Immediate-early protein 1 

IF  Immunofluorescence  

IFI35   Interferon-induced protein 35 

IFI44  Interferon-induced protein 44 

IFN  Interferon 

IFNAR  IFNα/β receptor 

IP  Immunoprecipitation 

IQGAP1 IQ motif-containing GTPase Activating Protein 1 

IR  Internal repeat (within the HCMV genome) 

IRF  Interferon-regulatory factor 

IRG  Interferon-repressed gene 

ISD  Interferon stimulatory DNA 

ISG  Interferon-stimulated gene 

ISGF3  Interferon-stimulated gene factor 3 

JAK1  Janus kinase 1 

Kbp  Kilobase pairs 

kDa  Kilodalton 

Km  Kanamycin 

KSHV  Kaposi’s sarcoma-associated herpesvirus 

KHNYN KH and NYN domain-containing protein 

KO  Knock-out 

L gene  Late gene 

LacZ  Beta-galactosidase 

LB  Lysogeny broth medium 

LC-MS/MS Liquid chromatography and tandem mass spectrometry 

m5C  5-methylcytosine 

mA  Milliampere  

MAVS  Mitochondrial antiviral-signaling protein  

MBV   Maribavir 
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MEM  Minimum Essential Medium 

MHH  Medizinische Hochschule Hannover (Medical School of Hannover)  

MHV-68 Murine γ-herpesvirus 68 

MIEP  Major immediate-early promoter; mMIEP, murine MIEP. 

Min  Minute 

MLV  Murine leukemia virus 

MOI  Multiplicity of infection 

MRC-5  Medical Research Council cell strain 5 

mRNA  Messenger RNA 

MS  Mass spectrometry 

MVA  Modified vaccinia Ankara virus 

N-MCT  North-methanocarbathymidine 

N-terminus Amino-terminus 

NA  Nucleoside analogue 

NAD+  Nicotinamide adenine dinucleotide (oxidized) 

NF-κB  Nuclear factor kappa-light-chain-enhancer of activated B cells 

NID   NMI-IFI35 homology domain 

nm  Nanometre (unit of length) 

NMI  N myc (and STAT) interactor 

nt  Nucleotide 

Opt.  Codon-optimized (for ZAP isoforms) 

ORF  Open reading frame 

P/S  Penicillin/Streptomycin 

PAGE  Polyacrylamide gel electrophoresis 

PAMP  Pathogen-associated molecular pattern 

PARN   Poly(A)-specific ribonuclease 

PARP  Poly(ADP-ribose) polymerase 

PAS   Polyadenylation signal 

PBS  Phosphate-buffered saline  

PCR  Polymerase chain reaction  

PCV   Penciclovir 

PEI  Polyethylenimine  

PFA  Paraformaldehyde 

PFU  Plaque-forming unit  

PNGase F Peptide-N-Glycosidase F  

https://en.wikipedia.org/wiki/Medical_Research_Council_(United_Kingdom)


List of abbreviations 

181 

PRR  Pattern recognition receptor 

PVDF  Polyvinylidene difluoride 

qRT-PCR Quantitative reverse transcription PCR  

RBD  RNA binding domain 

RFP  Red fluorescent protein 

RIPA  Radioimmunoprecipitation assay  

RISC   RNA-induced silencing complex 

RLRs   Retinoic acid inducible gene I (RIG-I)-like receptors 

RNA  Ribonucleic acid 

RNase H Ribonuclease H 

RPM  Rounds per minute  

RT  Room temperature 

RTA  Viral replication and transcription activator protein of MHV-68 

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2  

SCT   Hematopoietic stem cell transplantation 

Sec  Second 

siCtrl  Non-targeting control small interfering RNA  

SINV  Sindbis virus 

siRNA  Small interfering RNA  

SLAM-seq Thiol(SH)–linked alkylation for the metabolic sequencing of RNA 

SOT  Solid organ transplantation 

SpCas9 Streptococcus pyogenes Cas9 

STAT  Signal transducer and activator of transcription  

STING  Stimulator of interferon genes  

TAE  Tris-acetate-EDTA  

TBS  Tris-buffered saline  

TBS-T  TBS with 0.1% Tween 20  

TLRs   Toll-like receptors 

TNF  Tumor necrosis factor 

TNFRSF10D Tumor necrosis factor receptor superfamily member 10D (or TRAILR4) 

TPH  TiPARP homology domain 

TPM  Transcripts per million 

TR  Terminal repeat (within the HCMV genome) 

TRAIL  TNF-related apoptosis-inducing ligand  

TRAILR1 TRAIL receptor 1 (or TNFRSF10A) 



List of abbreviations 

182 

TRAILR2 TRAIL receptor 2 (or TNFRSF10B) 

TRAILR4 TRAIL receptor 4 (or TNFRSF10D) 

TRIM  Tripartite motif  

TRIM25 Tripartite motif-containing protein 25 

TSP   Trans-species polymorphism 

TSS  Transcription start site 

Tyk2  Tyrosine kinase 2  

UL  Unique long 

uORF  Upstream open reading frame 

US  Unique short 

UT  Untreated sample 

UTR  Untranslated region 

UV  Ultraviolet  

V  Volt 

VCV   Valacyclovir 

Vero E6 African green monkey kidney cells 

VGCV   Vanganciclovir 

VHS  Virus-associated host shutoff protein of HSV (also known as UL41) 

VSB  Virus standard buffer  

VSV-G  Vesicular stomatitis virus G 

VZV  Varicella-zoster virus 

WT  Wildtype 

ZAP-L  Long isoform of ZAP 

ZAP-S  Short isoform of ZAP 

ZC3HAV1 Zinc finger CCCH-type antiviral protein 1 

ZMAT3 Zinc finger matrin-type protein 3 

ZnF  Zinc finger 

ZREs  ZAP-responsive elements 
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