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Summary 

The herpesvirus human cytomegalovirus (HCMV) is an opportunistic, human specific pathogen 

that is spread all over the world. Depending on the population’s geographical location and 

socioeconomic status, seroprevalences between 45% and 100% have been detected. As a 

hallmark of herpesviruses, HCMV infection is life-long and the virus persists in a dormant state 

called latency, which can be interrupted by sporadic reactivation events. While primary 

infection of immunocompetent individuals is mostly asymptomatic, transplant recipients and 

AIDS patients with a suppressed immune system often develop life-threatening disseminating 

disease. Moreover, HCMV can be passed from a mother to the fetus through the placenta, 

which can lead to congenital birth defects.  

HCMV is detected by germline-encoded pattern recognition receptors (PRRs) which trigger a 

signaling cascade leading to the production of type I interferons (IFN) and proinflammatory 

cytokines. Through the long co-evolution with its host, HCMV developed efficient mechanisms 

to counteract the host’s immune response to ensure the establishment of a life-long infection. 

In this study, we characterized HCMV proteins that originate from the open reading frame 

(ORF) UL35, the UL35 and the UL35a protein, for their potential to interfere with the PRR-

mediated type I IFN response. While both proteins are expressed with late kinetics, only UL35 

is incorporated into the tegument. By using luciferase reporter assays we could show that UL35 

inhibited the PRR-signaling cascade between the key kinase TANK-binding kinase 1 (TBK1) 

and the transcription factor interferon regulatory factor 3 (IRF3). In contrast, UL35a inhibited 

PRR signaling downstream of IRF3. This suggests that these HCMV proteins interfere with the 

cellular type I IFN response at different levels of the signaling cascade.  

In addition, we validated the antagonistic potential of UL35 and UL35a in HCMV-permissive 

human primary fibroblasts (HFF-1). Finally, we generated a recombinant UL35-deficient HCMV 

and could demonstrate, that UL35 also downmodulates the type I IFN response in the context 

of infection. To study UL35 expression during HCMV infection, we generated a UL35-specific 

mouse monoclonal antibody in collaboration with Dr. Vanda Juranić Lisnić from the University 

of Rijeka.  

In order to investigate the mode of action of UL35 and UL35a, we performed affinity 

purification-coupled to mass spectrometry (AP-MS) to identify cellular interaction partners of 

UL35 and UL35a. We further tested newly identified and previously known interaction partners 

of UL35 and UL35a in an siRNA-based luciferase screen to analyze their IFN antagonistic 

effect in the type I IFN response. However, none of the proteins was essential for the 

antagonistic function of UL35 and UL35a. Interestingly, we revealed that UL35 is post 

translationally modified by one of its interaction partners, O-GlcNAc transferase (OGT), but 



this modification was not necessary for UL35 to inhibit PRR-signaling. We further characterized 

the signaling processes upon PRR-activation and discovered that the presence of UL35 

inhibited the activation and phosphorylation of TBK1 as well as downstream activation events. 

Co-immunoprecipitation experiments revealed the specific interaction of UL35 with TBK1 

leading to the final conclusion that UL35 targets TBK1 to disrupt downstream signaling and 

activation of type I IFNs. To our knowledge, this is the first report about an HCMV antagonist 

that counteracts the type I IFN response at the level of TBK1. Finally, we performed co-

expression studies with UL35 and two additional HCMV tegument proteins, UL82 and UL83. 

Luciferase-based experiments showed, that UL35 and UL82 downmodulate PRR-signaling 

downstream of RIG-I and TBK1 in a cooperative manner. Furthermore, we identified a 

previously unknown function of UL82 to inhibit PRR-signaling downstream of TBK1, 

independent of its known target stimulator of interferon genes (STING).  

In summary, this work identified the HCMV-encoded tegument protein UL35 as a novel type I 

IFN antagonist that targets multiple PRRs by inhibiting the activation of the key kinase TBK1. 

In addition, we also collected evidence that UL35 cooperates with an additional tegument 

protein, UL82, to effectively interfere with the cellular antiviral response in order to assure a 

successful life-long infection.  
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Introduction  1 

1 Introduction 

More than 2000 years ago, herpes simplex infections were already prevalent in the ancient 

Greece. The name for “herpes” is derived from Greek and means “to creep, to crawl” to 

describe the particular clinical picture that is associated with certain herpesviruses (Roizman 

& Whitley, 2001). 

1.1 The Herpesviridae family 

All members of the Herpesviridae are large in size, the virions measure about 200 nm and 

contain a linear, double-stranded DNA (dsDNA) genome which varies in size between 125 kb 

for the smallest DNA genome (Varicella zoster virus, VZV) and 230 kb for the largest 

(Cytomegalovirus, CMV) (Louten, 2016). All herpesvirus members share a common virion 

structure (Figure 1). The icosahedral capsid encloses the dsDNA genome and is surrounded 

by two layers of tegument proteins that fill the space between the capsid and the outer lipid 

membrane. The inner tegument layer is attached to the capsid and the outer tegument layer is 

associated with the envelope. Proteins from the tegument are pre-formed and fulfill important 

tasks during immune evasion, virus DNA replication as well as entry and egress (Davison et 

al., 2009). Surface glycoproteins are anchored into the lipid envelope and are important for 

virus attachment and entry into the host (Close et al., 2018; Eisenberg et al., 2012; Louten, 

2016). The polycistronic genome organization of herpesviruses contains characteristic terminal 

and internal repeats. These repeats are separated by gene-encoding regions named “unique 

long” (UL) and “unique short” (US) (Davison, 2007; Louten, 2016). 

 

 

Figure 1 Composition of a herpesvirus virion. The virion contains a double-stranded (ds) DNA genome enclosed 

by an icosahedral capsid. The proteinaceous inner tegument layer (red) surrounds the capsid while the outer 

tegument layer (orange) is associated with the envelope. Glycoproteins are anchored into the lipid envelope.  

 

Based on genetic differences, herpesviridae are divided into three subfamilies namely α-

herpesvirinae, β-herpesvirinae and γ-herpesvirinae that have a broad host range including 

mammals, reptiles and birds (Davison et al., 2009). After successful infection, all family 

members establish a state called latency which allows these viruses to stay in their hosts for 
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life. The nine human herpesviruses identified to date group into these three subfamilies and 

are named after their discoverers or by numbering (Table 1).  

Herpes simplex virus-1 (HSV-1), herpes simplex virus-2 (HSV-2) and varicella zoster virus 

(VZV) belong to the group of α-herpesvirinae. These members initially infect epithelial cells 

and establish latency in trigeminal ganglia (HSV-1), sacral nerve root ganglia (HSV-2) and 

dorsal root ganglia (VZV) (Depledge et al., 2018; Louten, 2016; Nicoll et al., 2012). Whereas 

HSV-1 is mostly acquired during childhood causing oral herpes, HSV-2 infections are almost 

exclusively sexually transmitted leading to genital herpes and congenital defects. Primary VZV 

infection causes chickenpox and reactivation from latency leads to shingles (Gilden et al., 

2011).  

Members of the β-herpesvirinae include human cytomegalovirus (HCMV), human herpesvirus 

-6A (HHV-6A), human herpesvirus -6B (HHV-6B) and human herpesvirus-7 (HHV-7) and 

establish latency in monocytes (HCMV), bone marrow progenitor cells (HHV-6A and HHV-6B) 

and T-lymphocytes (HHV-7) (Weidner-Glunde et al., 2020). The outcome of infection with 

HCMV depends on the immune status of the infected individuals. Immunocompromised 

transplant recipients and HIV/AIDS patients may develop life-threatening disseminating 

disease, whereas immunocompetent individuals are mostly asymptomatic. HCMV infections 

during pregnancy are the underappreciated leading cause of congenital birth defects. HHV-6A 

and HHV-6B share approx. 95% similarity, both members are neurotropic but show a different 

cellular tropism. In contrast to HHV-6B, HHV-6A is not linked to any disease. HHV-6B and 

HHV-7 infections usually occur during early childhood and are accompanied by 3 to 5 days of 

high fever. About 20% of all infected patients develop symptoms of roseola infantum giving 

these viruses the genus name Roseolovirus (Louten, 2016; Zerr et al., 2005). 

The γ-herpesvirinae includes two members which can infect humans, Epstein-bar virus (EBV) 

and Kaposi’s sarcoma-associated herpesvirus (KSHV). Both members initially infect B-cells 

but also endothelial cells (KSHV) and epithelial cells (EBV) before establishing latency in 

memory B-cells. Unlike other Herpesviruses, EBV and KSHV are the only representatives 

identified so far that are oncogenic. EBV counts as the most common virus infection world-

wide. While children show no or mild disease upon EBV infection, EBV can cause 

mononucleosis in young adults which is also called “kissing disease”, accompanied by 

lymphadenopathy and hepatosplenomegaly. Moreover, EBV can cause multiple types of 

cancer such as Burkitt’s lymphoma, Hodgkin’s lymphoma and nasopharyngeal carcinoma. 

KSHV infection is restricted to endothelial cells and B-cells and the epidemiological distribution 

highly depends on the country. The highest seroprevalence (about 50%) was found in sub-

Saharan Africa whereas a much lower occurrence (below 5%) was described for northern 

Europe, America and Asia (Labo & Whitby, 2014). As with other Herpesviruses, the severity 

of the clinical symptoms strongly depends on the immune status of the individual. 
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Immunosuppressed people are more prone to develop serious health problems including the 

endothelial cancer Kaposi’s sarcoma (Louten, 2016).  

Table 1 Human herpesviruses 

 Abbrev. 
Official 

name 
Seroprevalence1,2 

Site of 

infection 
Site of latency Caused disease 

Alphaherpesvirinae 

Herpes simplex 

virus-1 
HSV-1 HHV-1 54% 

Epithelial 

cells 

Trigeminal 

ganglia 

Oral herpes, 

herpes keratitis, 

congenital 

defects, genital 

herpes 

Herpes simplex 

virus-2 
HSV-2 HHV-2 16% 

Epithelial 

cells 

Sacral nerve 

root ganglia 

(S2-S5) 

Genital herpes, 

congenital 

defects 

Varicella zoster 

virus 
VZV HHV-3 >98% 

Epithelial 

cells 

Dorsal root 

ganglia 

Chickenpox, 

shingles, herpes 

zoster 

ophthalmicus, 

postherpetic 

neuralgia 

Betaherpesvirinae 

Human 

cytomegalovirus 
HCMV HHV-5 50-80% 

Epithelial 

cells, 

monocytes, 

endothelial 

cells 

Monocytes, 

CD34+ 

monocyte 

progenitors 

Congenital 

defects, 

mononucleosis 

Human 

herpesvirus-6A 
- 

HHV-

6A 
100% 

Lymphocytes, 

monocytes, 

neural cells 

Hematopoietic 

bone marrow 

stem cells 

None 

Human 

herpesvirus-6B 
- 

HHV-

6B 
88-100% 

Lymphocytes, 

monocytes, 

neural cells 

Hematopoietic 

bone marrow 

stem cells 

Roseola 

infantum 

Human 

herpesvirus-7 
- HHV-7 73-100% Lymphocytes Lymphocytes 

Roseola 

infantum 

Gammaherpesvirinae 

Epstein-Barr 

virus 
EBV HHV-4 89% 

B cells, 

epithelial cells 

Memory B 

cells 

Mononucleosis, 

Burkitt’s 

lymphoma, 

nasopharyngeal 

carcinomas, 

gastric 

carcinomas 

Kaposi’s 

sarcoma-

associated 

herpesvirus 

KSHV HHV-8 <5% 

B cells, 

endothelial 

cells 

Memory B 

cells 

Kaposi’s 

sarcoma, 

primary effusion 

lymphoma, 

multicentric 

Castleman’s 

disease 
1,2 (Louten, 2016; Olsson et al., 2017) 
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1.2 The replication cycle of herpesviruses 

The replication cycle of herpesviruses is biphasic and shares the same principle between all 

family members. First, the lytic (or productive) cycle generates new infectious progeny virions. 

The second phase is the latent stage where herpesviruses enter a non-productive cycle with 

the aim to persist undetected without active replication. The ability to remain in a latent state 

is considered as a common hallmark of herpesviruses. Occasionally, the virus reactivates and 

re-enters the lytic cycle with a risk to cause disease that differ from the illness caused upon 

primary infection (Miller et al., 1997; Pellett & Roizman, 2013). For lytic replication, 

herpesviruses use a conserved core entry machinery consisting of the viral glycoproteins gB, 

gH and gL (Sathiyamoorthy et al., 2017) to reversible associate with cell surface attachment 

factors like heparan sulfate proteoglycans (HSPG) and chondroitin sulfate proteoglycans 

(CSPG). After tethering, the viral entry machinery gets into close contact to cellular entry 

receptors (Table 2) which specify the tropism and activate the fusion process (Krummenacher 

et al., 2013).  

Table 2 gHgL entry complexes of Herpesviruses 

Herpesvirus Glycoprotein complex Recognized entry receptor 

HSV-1 and HSV-2 gHgL-gD 
HVEM, Nectin-1, 3-O-sulphated 

heparin sulphate 

VZV gHgL Integrins 

HCMV 
gHgL/UL128/UL130/UL131 

gHgL/gO 

EGFR 

PDGFRα 

HHV-6A and HHV-6B 
gHgL/gQ1/gQ2 

gHgL/gO 

CD46 

? 

EBV 
gHgL/gp42 

gH/gL 

HLA-II 

Integrins 

KSHV gH/gL EphA2 

(Table modified after Sathiyamoorthy et al., 2017) 

 

Next, the viral particle enters the cell by fusion with the plasma membrane or by endocytosis, 

depending on the virus and cell type, leading to the release of the tegumented capsid (Pellett 

& Roizman, 2013) (Figure 2). Tegument proteins facilitate the successful replication by 

antagonizing cellular host defense mechanisms in the cytoplasm and nucleus (Kalejta, 2008). 

The capsid is transported via the microtubule network to the nucleus where the viral genome 

and some tegument proteins enter the nucleus through the nuclear pore complex (Greber & 

Fassati, 2003; Louten, 2016) (Figure 2). The genome circularizes (Kinchington et al., 1985; 

McVoy & Adler, 1994; Strang & Stow, 2005) and a cascade of temporally regulated viral gene 

expression is initiated including the expression of immediate-early (IE), early (E), and late (L) 

gene products (Figure 2). The expression of IE genes is essential for the expression of E 

genes and is often facilitated by pre-existing tegument proteins (Bresnahan & Shenk, 2000; 

Schierling et al., 2004). Early genes encode for the crucial viral DNA polymerase machinery 

and initiate the replication of the viral genome. The replication follows the rolling circle 

replication in which one of the circularized DNA strands is used as template for the other strand 
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(Skaliter et al., 1996). The new strand in turn serves as template for the second DNA strand 

leading to the generation of multiple linked copies in form of a concatemer. The double 

stranded concatemer is cleaved into individual copies and packaged into new capsids. The 

genome replication is required for the subsequent transcription of L genes and a number of 

the resulting proteins are used as important scaffold proteins for capsid assembly and the 

association of the first tegument layer (D. Li et al., 2018; Louten, 2016; Reyda et al., 2014). 

The final nucleocapsid fuses to the inner nuclear membrane and subsequently to the outer 

nuclear membrane, a process known as envelopment/de-envelopment to exit the nucleus 

(Figure 2). The released nucleocapsid associates with additional cytoplasmic tegument 

proteins and travels to the cytoplasmic viral assembly complex (cVAC) which is formed by 

reorganization of the ER, ER-Golgi and Golgi compartments (Louten, 2016). During the final 

viral assembly, tegument proteins and glycoproteins associate with the virion and facilitate the 

secondary envelopment and the release of the enveloped viral particles from the cVAC as 

secretory vesicles. Herpesviruses are released to the extracellular space by budding and 

fusion and do not depend on the disruption of nuclear and cytoplasmic membranes (reviewed 

in Azab & Osterrieder, 2017; Johnson & Baines, 2011; Lussignol & Esclatine, 2017; 

Mettenleiter et al., 2009) (Figure 2).  

 

Figure 2 Primary infection with lytic replication of herpesviruses. (1) The primary infection starts with the 

attachment and receptor-mediated entry into the host cytoplasm by fusion at the plasma membrane as shown or 

by endocytosis (not shown). The tegument-associated viral capsid is released and transported along the 

microtubule network to the nucleus. (2) Viral gene expression starts from the circularized viral DNA (episome) and 
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leads to the expression of immediate-early (IE) gene products. (3) IE proteins are essential to induce expression of 

early (E) genes. (4) A number of E genes encode for important DNA replication factors and initiate viral DNA 

replication. Next, late (L) genes are transcribed and facilitate capsid formation and assembly. (5) The viral genome 

is packaged into the capsid which is coated with the first tegument layer and egress through the inner nuclear 

membrane. (6) The nucleocapsid envelopes and subsequently de-envelopes during the transport through the 

endoplasmic reticulum (ER). Cytoplasmic tegument proteins associate with the released nucleocapsids on the way 

to the Golgi compartment. (7) During the secondary envelopment, nucleocapsids are transported through the trans-

Golgi network where the final envelopment and association with glycoproteins takes place. (8) The virions exit the 

Golgi in secretory vesicles and egress from the cell by exocytosis. (reviewed in Mettenleiter et al., 2009)  

1.3 Treatment of herpesvirus infections 

In general, herpesviral infections are treated with different antiviral drugs to reduce viral 

shedding but due to the latency phase of herpesviruses, patients can experience reactivation 

of infection causing recurrent disease.  

The treatment and drug of choice depends on the type of herpesvirus and the individual patient. 

For the treatment, acute infections and recurrence of latent viruses are differentiated as well 

as the immune status of the patient. Immunosuppressed patients are more prone to severe 

diseases associated with herpesvirus infections. Systemic drugs including acyclovir, 

famciclovir and valacyclovir showed clinical benefit for HSV-1 and HSV-2, and to a lesser 

degree against VZV. Other systemic antiviral drugs including ganciclovir and valganciclovir are 

also used for HSV-1 and HSV-2 as well as for HCMV. The drug foscarnet proved beneficial 

against acyclovir and ganciclovir-resistant herpesvirus infections. However, these treatments 

do not affect latent virus or viral recurrences. Recently, the highly CMV-specific drug 

Letermovir was approved for transplant recipients in adults which is described in section 1.6. 

Chicken pox caused by VZV can be prevented with the chickenpox vaccine that proved very 

safe and effective in clinical studies. Moreover, a vaccine against zoster (shingles) has been 

developed for the elderly age-group. These are the only examples for vaccines against 

herpesviruses (Gershon, 2007, 2019). No preventative drug is available against the two 

oncogenic herpesviruses EBV and KSHV. The treatment focuses on the symptoms and the 

cancer therapy consists of surgery, chemotherapies and local irradiations. A lot of effort to 

design specific treatments is invested and several clinical studies are currently testing new 

antiviral drugs against herpesviruses (Plotkin & Boppana, 2019). 

1.4 Cytomegalovirus 

HCMV is the prototype virus within the group of β-herpesvirinae and possess the largest 

genome of all human herpesviruses. Within its subfamily, two major genera are found. 

Cytomegalovirus includes the primate herpesviruses like HCMV and Rhesus cytomegalovirus. 

The second major genera contains members of the Muromegalovirus (Davison et al., 2009). 

These viruses are rodent specific and include the murine cytomegalovirus (MCVM) and rat 

cytomegalovirus (RCMV).  
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1.5 Murine Cytomegalovirus 

Originally, the first isolated prototype strain of MCMV was reported in 1954, two years earlier 

than the first described HCMV isolate (Smith, 1954, 1956). Approximately 170 open reading 

frames (ORF) had originally been reported for MCMV (Rawlinson et al., 1996). ORFs which 

are unique to MCMV are named with lowercase “m”, while ORFs that share a homologue in 

HCMV are named with uppercase “M”. A recent study revised the previous number of MCMV 

ORFs and revealed the existence of 448 ORFs (Juranic Lisnic et al., 2013). Similarly, 

approximately 250 ORFs had initially been described for HCMV, but a recent ribosome profiling 

study by Stern-Ginossar and colleagues extended the number to 751 translated HCMV ORFs 

during infection (Stern-Ginossar et al., 2012). The genome of MCMV shares a high similarity 

to the HCMV genome (Rawlinson et al., 1996) and the structural architecture as well as biology 

resembles that of HCMV (Reddehase et al., 2002; Reddehase & Lemmermann, 2018). In 

contrast to HSV-1 and HSV-2, where mouse models can be used for in vivo infection studies, 

CMV is strictly species specific (Kastrukoff et al., 2012; K. S. Kim & Carp, 1971). Therefore, 

MCMV became the most widely used CMV model for in vivo infection studies. The long period 

of co-evolution between CMV and the host generated unique mechanisms to perfectly adapt 

to the host. Research showed that there is a biological convergence between HCMV and 

MCMV and findings from MCMV research regarding viral replication, pathogenicity and 

immune evasion reflect the biology of HCMV in many aspects (Reddehase & Lemmermann, 

2018).  

1.6 Human Cytomegalovirus 

HCMV is the prototype of the β-Herpesvirinae subfamily and is characterized by the largest 

genome among all herpesviruses (230 kb) and its slow replication cycle (48-72 hours) (Louten, 

2016). HCMV is transmitted by close contact via body fluids and causes initial infection in the 

mucosal epithelium. Further replication occurs in monocytes and blood cells of the monocyte 

lineage. However, due to the broad cell tropism, HCMV systemically infects other organs 

including salivary glands, kidney and mammary glands (Louten, 2016). As characteristic for 

other herpesviruses, HCMV is present life-long once infection occurred and enters a dormant 

state (latency) in which no progeny is produced (reviewed in Elder & Sinclair, 2019). During 

latency, the viral genome is maintained as an intranuclear episome without the expression of 

lytic genes (especially IE genes). Latency-associated non-coding RNAs facilitate the dormant 

state and suppress lytic gene promoters (Dupont & Reeves, 2016). Sporadically, HCMV re-

enters the lytic replication cycle and eventually cause recurrent disease (Lancini et al., 2014). 

Immunosuppressed transplant recipients and AIDS patients belong to the high risk group and 

clinical symptoms include pneumonitis, colitis, retinitis, encephalitis, hepatitis or the loss of the 

allograft in the case of transplant recipients (Ramanan & Razonable, 2013). Besides infections 
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in immunocompromised individuals, HCMV is the only Herpesvirus which can be transmitted 

from the pregnant mother to the fetus through the placenta (Louten, 2016; Manicklal et al., 

2013). Indeed, the Centers for Disease Control and Prevention (CDC) has classified congenital 

HCMV infection as the leading cause of congenital birth defects. In the US, 0.5% of all 

newborns are congenitally infected with HCMV. Among them, 10-15% show clinical symptoms 

or long-term defects including hearing loss, microcephaly, retinitis or hepatosplenomegaly 

(Manicklal et al., 2013).  

Up to now, no approved vaccine against CMV is available and the therapy focuses on the use 

of antiviral drugs (reviewed in Krishna et al., 2019). Among them, ganciclovir (GCV) is the 

golden standard to prevent HCMV disease. Mechanistically, GCV is a nucleoside analogue 

and preferentially inhibits the HCMV encoded DNA polymerase UL54 (Lischka & Zimmermann, 

2008). It is routinely used to treat immunosuppressed organ transplant recipients in 

combination with viraemia monitoring by PCR. Second line antivirals include cidofovir (CDV), 

foscarnet and acyclovir. These drugs target, as GCV, the viral DNA polymerase UL54 (Lischka 

& Zimmermann, 2008). It has been frequently observed that some patients do not respond to 

drugs mentioned above targeting the HCMV DNA polymerase machinery. Further 

investigations revealed that mutations within the UL54 DNA polymerase and UL97 kinase led 

to resistance (Göhring et al., 2015). Due to the increasing resistance, there is an urgent need 

for HCMV-specific antiviral drugs targeting other components than the DNA polymerase. 

Recently, Letermovir has been approved in the USA, Canada and the European Union as a 

prophylactic antiviral drug against HCMV disease (Krishna et al., 2019). Letermovir selectively 

targets UL56, a member of the HCMV terminase complex, which is important for cleaving and 

packaging of the viral genome into viral capsids (Borst et al., 2013; Poole & James, 2018). All 

antiviral drugs described until here target ongoing viral replication and are ineffective against 

latent infection. Per definition, latently infected cells have the potential for virus reactivation 

and therefore it is of major interest to also target latent infected cells. In the last years, several 

potential drug candidates have been reported to target these cells. However, cytotoxicity and 

specificity is still a major concern and needs further investigation until an approved drug is 

available. Since back to the 1970s, HCMV vaccine candidates are developed but unfortunately 

none of the candidates received approval yet. Indeed, it is still unclear which immune 

responses are needed to confer immunity against HCMV (Krishna et al., 2019). This is due to 

the observation that superinfections with HCMV occur in already latently infected individuals 

(Hansen et al., 2010). In general, the combination of prophylactic treatment with HCMV 

antivirals, organ transplant matching and viraemia monitoring have noticeable decreased the 

incidence of HCMV disease. However, HCMV still remains a significant threat, and therefore 

the development of an HCMV vaccine is highly desirable (Plotkin & Boppana, 2019). 
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1.7 The pattern recognition receptor-mediated innate immune response 

1.7.1 Innate immunity and type I interferon signaling 

The innate immune response is the first-line barrier to defend against invading pathogens. This 

evolutionary conserved host defense includes physical barriers such as the skin and mucosal 

surfaces and specialized innate immune cells which recognize the pathogen once the physical 

barrier has been overcome by the pathogen. Cells derived from the hematopoietic lineage 

such as neutrophils, macrophages, natural killer (NK) cells and dendritic cells (DCs) but also 

members from the non-hematopoietic lineage including epithelial cells mediate an innate 

immune response against pathogens (Gasteiger et al., 2017). In contrast to the antigen-

specific adaptive immune response which is characterized by an immunological memory, the 

innate immune system is a rapid and nonspecific host response without an immunological 

memory. However, the paradigm of the immunological memory has been recently revised as 

NK cells and innate lymphoid cells (ILC) have been shown to develop an immunological 

memory (reviewed in Bedoui et al., 2016). The activation of the innate immune system is 

triggered by the recognition of pathogen-associated molecular patterns (PAMPs) by germline-

encoded pattern-recognition receptors (PRRs) (Broz & Monack, 2013). PAMPs are microbe-

derived structures which are often important for the pathogen including nucleic acids, cell wall 

components, and carbohydrates (Abbas et al., 2012). Due to the conserved structure of 

PAMPs, only a limited number of PRRs is needed to sense pathogens. PRRs are divided into 

three classes and include plasma membrane and endosomal localized Toll-like receptors 

(TLRs), cytosolic retinoic acid inducible gene I (RIG-I)-like receptors (RLRs) and cytosolic and 

nuclear localized DNA sensors (Paludan & Bowie, 2013). In general, the recognition of a PAMP 

by the respective PRR induces a signaling cascade via PRR adaptor proteins and kinases 

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

B cells (NFκB) and interferon regulatory factors (IRFs) (Takeuchi & Akira, 2010). 

Subsequently, the activated transcription factors translocate from the cytosol to the nucleus 

and activate transcription of type I interferons (IFNs) and proinflammatory cytokines 

(Schwanke et al., 2020). In turn, the production of type I IFNs induces a set of interferon 

stimulated genes (ISGs) which further counteracts the ongoing infection by the establishment 

of the “antiviral state” (Schoggins, 2019). In addition, these processes prime and orchestrate 

the antigen-specific response of the adaptive immune system. Importantly, is has been shown 

that PRRs are fundamental to activate the type I IFN response upon infection of herpesviruses 

(Paludan et al., 2011). The IFN response to CMV infection typically follows two timely 

separated waves where the first burst is dependent on cytosolic DNA sensors whereas the 

second burst involves TLR sensors (Lio et al., 2016; Schneider et al., 2008).  
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1.7.2 Toll-like receptors (TLRs)  

TLRs were the first PRRs that have been discovered and currently, the TLR family includes 10 

members in human (TLR1-10) and 12 members in mouse (TLR1-9, 11-13) (Kawasaki & Kawai, 

2014). TLRs recognize either unique or overlapping PAMPs and can be further divided into 

cell surface-located and intracellular endosomal-located TLRs. Cell surface located receptors 

include TLR1, 2, 4, 5, 6, 11, and 12 and recognize lipids, lipoproteins (TLR1/2, TLR2/6), 

bacterial lipopolysaccharide (LPS) (TLR4), bacterial flagellin (TLR5), and profilin (TLR11, 

TLR12). The endosomal located TLR3, 7, 8, 9, and 13 primarily recognize nucleic acids (TLR3- 

viral dsRNA, TLR7/8- ssRNA, TLR9- CpG DNA, TLR13- rRNA) (Figure 3). It has been reported 

that TLRs detect CMV infection and in particular TLR2 and 9 play a major role (Krug et al., 

2004; Tabeta et al., 2004; Yew et al., 2012). TLR2 senses the HCMV glycoprotein gB and is 

crucial to control infection mediated by NK cell responses (Boehme et al., 2006; Szomolanyi-

Tsuda et al., 2006). TLR9 is important to induce an IFN response in plasmacytoic dendritic 

cells (pDCs) upon MCMV infection (Paijo et al., 2016). Congruently, mice with a TLR9-

deficiency are more susceptible to MCMV infection and mount a lower IFN response (Krug et 

al., 2004).  

Mechanistically, the ligand recognition of TLRs is facilitated by the N-terminus which faces to 

the extracellular space or to the lumen of endosomes (Kawai & Akira, 2010). The cytoplasmic 

Toll/IL-1 receptor (TIR) domain mediates downstream signaling through interaction with the 

TIR domains of adaptor proteins. All TLRs except TLR3 associate with the adaptor protein 

myeloid differentiation primary response gene 88 (MyD88). TLR 3 recruits the adaptor protein 

TIR-domain-containing adapter-inducing interferon-ß (TRIF) and TLR4 associates with both 

MyD88 and TRIF. The association with adaptor proteins activates members of the TNF 

receptor associated factor (TRAF) family and induces the activation of the transcription factors 

NFκB, IRF3 and IRF7 leading to type I IFN response and the production of inflammatory 

cytokines (reviewed in Kawasaki & Kawai, 2014) (Figure 3).  
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Figure 3 Schematic overview of the TLR pathway. The group of Toll-like receptors are either located on the cell 

surface or intracellularly in the endosome. Each TLR recognizes specific PAMPs including lipopeptides, 

peptidoglycan, LPS, flagellin or nucleic acids. Upon ligand binding, TLRs associate with the adaptor molecules 

MyD88 or TRIF and initiate the activation of TRAF proteins and kinases (not shown) which further activate 

transcription factors including NFκB and IRFs to initiate production of type I IFNs and proinflammatory cytokines.  

1.7.3 RIG-I like receptors (RLRs) 

The two best characterized RLRs are RIG-I and melanoma differentiation-associated gene 5 

(MDA5). RIG-I specifically recognizes short, 5’ triphosphorylated (5’ppp) single and double-

stranded RNAs which substantially differ from self mRNA (Hornung et al., 2006; Pichlmair et 

al., 2006). RIG-I has been described as an important sensor for negative strand RNA viruses 

including influenza viruses (Kato et al., 2006), bunyaviruses (Spengler et al., 2015), filoviruses 

(Furr et al., 2010), and rhabdoviruses (Loo et al., 2008). In contrast, MDA5 preferably 

recognizes longer dsRNA and has been described to undergo activation upon picornavirus 

infection (Deddouche et al., 2014) but interestingly also upon KSHV infection (Zhao et al., 

2018). Is has been reported in the past that the RNA polymerase III (RNAP III) is part of the 

cell-intrinsic innate defense against several DNA viruses (Ablasser et al., 2009; Chiu et al., 

2009). The viral DNA genome contains poly dA:dT rich sequences which recruit cytoplasmic 

localized RNAP III. RLRs are able to sense the transcribed short 5’ppp non-coding RNAs and 

activate the PRR signaling cascade. For this reason, the RNAP III is an important component 

of the PRR-mediated innate immune response and links RLR sensors to DNA virus infections. 
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Activation of RIG-I and MDA5 is induced by the binding of the respective RNA ligand and 

results in the oligomerization of the receptors (reviewed in Brisse & Ly, 2019). Subsequently, 

the activated and oligomerized receptors interact with the adaptor protein mitochondrial 

antiviral-signaling protein (MAVS) via their CARD domains. The activated RLR-MAVS complex 

recruits TRAF2, 5, and 6 as well as TBK1. The recruited TBK1 phosphorylates MAVS which 

attracts IRF3 binding to the signalosome. In a next step, TBK1 phosphorylates IRF3 leading 

to the transcription of type I IFN. In addition, IKKα, IKKβ, and IKKγ are recruited to the MAVS 

complex resulting in the activation of NFκB and the production of proinflammatory cytokines 

(S. Liu et al., 2015) (Figure 4).   

 

Figure 4 Schematic overview of RLRs and DNA PRRs. Cytoplasmic RNA sensors like RIG-I detect 5’pppRNA 

and activate the downstream signaling via the adaptor protein MAVS. Activation of MAVS leads to the 

oligomerization of mitochondrial located MAVS proteins which further recruit TBK1 to the signalosome. TBK1 further 

phosphorylates MAVS, leading to the association of IRF3 and TRAF proteins. Activated IRF3 dimerizes and 

translocates to the nucleus. TRAF proteins activate NFκB via the IKK complex (IKKα, IKKβ, and IKKy). RNA 

polymerase (POL) III transcribes cytosolic DNA into 5’pppRNA which can be further sensed by RIG-I. DNA sensors 

like IFI16 and cGAS recognize DNA from the cytosol or nucleus and activate the adaptor protein STING. STING 

activation leads to the translocation from the ER to the Golgi compartment and to the formation of a STING 

signalosome. TBK1 gets recruited and phosphorylates STING and subsequently IRF3. Phosphorylated IRF3 

dissociates from the signalosome and translocates to the nucleus as IRF3 dimer to activate transcription of type I 

IFNs. NFκB can be activated by ER-resident STING or by TBK1 leading to the translocation of NFκB to the nucleus 

and the production of IFNs and proinflammatory cytokines. Modified scheme taken from (Fabits et al., 2020) 
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1.7.4 Cytosolic DNA sensors 

DNA-sensing PRRs have been first described twenty years ago with the identification of the 

endosomal located TLR9 receptor (Hemmi et al., 2000). It took additional six years until the 

first cytosolic DNA sensor was reported, the DNA-dependent activator of IFN regulatory factors 

(DAI) (Takaoka et al., 2007). However, while a role of DAI in response to HCMV was shown in 

fibroblasts, DAI was not responsible for DNA-mediated IFN responses in macrophages 

(DeFilippis et al., 2010; Unterholzner et al., 2010). Further research revealed the existence of 

multiple cytosolic DNA sensors including AIM2, IFI16, LRRFIP1, DHX9, DHX36, DDX41, 

Ku70, DNA-PK and MRE11 (reviewed in Dempsey & Bowie, 2015). Among them, the gamma-

interferon-inducible protein 16 (IFI16) was reported to sense KSHV and HCMV infections 

(Ansari et al., 2015; Gariano et al., 2012). It has been demonstrated that IFI16 translocates 

between both, cytosolic and nuclear compartments but senses HCMV from the nucleus (T. Li 

et al., 2013). The most recently discovered and by far the most important DNA sensor is the 

enzyme cyclic guanosine monophosphate-adenosine monophosphate synthase (cGAS) (Gao 

et al., 2013; X. Li et al., 2013; Sun et al., 2013). In the beginning, cGAS was described for its 

role in the cytosolic sensing of DNA but recently, nuclear localized cGAS was described and 

further reported to suppress DNA-damage induced homologous recombination (Lahaye et al., 

2018; H. Liu et al., 2018). cGAS possesses an enzymatic function and catalyzes the synthesis 

of the second messenger cyclic guanosine-(2’-5’)-monophosphate-adenosine-(3’-5’)-

monophosphate (2’3’-cGAMP) upon DNA binding (Sun et al., 2013). In contrast to other TLR 

and RLR sensors, cGAS does not directly interact with adaptor proteins upon activation. The 

second messenger 2’3’-cGAMP activates the ER-resident adaptor protein stimulator of IFN 

genes (STING) and initiates a conformational change resulting in the formation of STING 

dimers (S. Liu et al., 2015; X. Zhang et al., 2013). DAI and IFI16 directly activate STING without 

a second messenger intermediate, whereby the exact mechanisms remain elusive. Dimerized 

STING translocates from the ER via the ER-Golgi intermediate compartment (ERGIC) to the 

Golgi compartment and undergoes several posttranslational modifications including 

palmitoylation and ubiquitination (Mukai et al., 2016; Tsuchida et al., 2010). Once anchored to 

the Golgi compartment, STING serves as a signaling platform for the key signaling enzyme 

TBK1 (S. Liu et al., 2015). Similar to the RLR signaling pathway, TBK1 gets recruited to STING 

and undergoes autophosphorylation and subsequently phosphorylates STING. 

Phosphorylated STING recruits IRF3 to the signalosome where IRF3 gets phosphorylated by 

TBK1. This phosphorylation event leads to the dissociation of IRF3 from the signaling platform 

and its dimerization (S. Liu et al., 2015). Following activation, IRF3 dimers translocate to the 

nucleus and activate transcription of type I IFNs. Besides the activation of IRF3, STING also 

induces NFκB signaling. Originally described to induce NFκB via TBK1 and TRAF6 (Abe & 

Barber, 2014), recent findings indicate that STING is able to activate NFκB already from the 
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ER, thus prior to its translocation to the Golgi (Stempel, Chan, Juranić Lisnić, et al., 2019) 

(Figure 4). Several studies showed that cGAS-STING signaling is important for the recognition 

of CMV infection in monocyte-derived dendritic cells (mDCs) and macrophages (Paijo et al., 

2016; Stempel, Chan, Juranić Lisnić, et al., 2019). However, HCMV-infected plasmacytoid 

derived dendritic cells (pDCs) did not respond in a cGAS-dependent, but in a TLR-dependent 

manner (Paijo et al., 2016). This illustrates that certain PRRs can act in a cell type dependent 

manner and eventually backup each other.  

1.7.5 Type I interferon response and the antiviral state 

The above described PRR-mediated signaling in response to viral infections leads to the 

production of type I IFNs and proinflammatory cytokines (e.g., IL-1, IL-6 and TNFα) and 

eventually to the expression of antiviral effector genes. Based on sequence homology and 

biological effector functions, IFNs are grouped into three families referred to as type I, type II 

and type III IFNs. In 1957, type I IFNs have been first described for their antiviral potential (A. 

Isaacs & Lindenmann, 1957; Alick Isaacs et al., 1957). Later in 1982, type II IFNs were 

described followed by the more recent identification of type III interferons in 2003 (Gray & 

Goeddel, 1982; Kotenko et al., 2003). The type I IFN family contains IFN-α (with 13 subtypes 

in human), IFNβ, IFNε, IFNκ, and IFNω (reviewed in Park & Iwasaki, 2020). Type II IFNs are 

represented by IFNγ and type III IFNs contain four subtypes including IFN-λ1 (IL-29), IFN-λ2 

(IL-28A), IFN-λ3 (IL-28B), and IFN-λ4 (Lazear et al., 2019). The immunomodulatory- and 

proinflammatory functions of IFNγ distinct type II IFNs from type I and type III IFNs, but recent 

evidence has demonstrated that type I and type II IFNs act in concert with each other to control 

viral infections (reviewed in Lee & Ashkar, 2018). In this study we focused on type I and type 

III IFNs, but it should be mentioned that type II IFNs have been reviewed in detail in Alspach 

et al., 2019.  

It has been shown that type I and type III IFNs share the same transcription factors in their 

promoter regions including IRFs and NFκB (Onoguchi et al., 2007). However, further studies 

revealed that type III IFNs display a stronger dependence on NFκB compared to type II IFNs 

suggesting a differential regulation between type I and type III IFNs (Iversen et al., 2010). 

Despite the genetic differences between type I and type III IFNs, both are activated by similar 

PRR-signaling pathways and induce related effector functions including antiviral, anti-

proliferative, and immunomodulatory functions (Lazear et al., 2015). Secreted IFNs are sensed 

in an autocrine and paracrine manner by surface-located receptors. Type I IFNs bind to the 

IFNα/β receptor (IFNAR) composed of two receptor chains, IFNAR1 and IFNAR2. In contrast, 

type III IFNs bind to the hererodimeric interferon lambda receptor (IFNLR) consisting of IL10Rβ 

and IFNLR1 (=IL28Rα) subunits (Lazear et al., 2015).  
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Despite the different receptors between type I and type III IFNs, the downstream signaling 

overlaps remarkably. Janus kinase (JAK) family members TYK2 and JAK1 are associated to 

the cytoplasmic tails of the receptors and phosphorylate the receptors upon ligand binding. 

Additionally, the phosphorylation of JAK2 is induced by IFNLR signaling (Odendall & Kagan, 

2015). Next, the transcription factor signal transducer and activator of transcription (STAT) 

associates with the activated receptor chains and autophosphorylates, leading to the formation 

of a heterodimer consisting of STAT1-STAT2. The dimer complex associates with another 

transcription factor, IRF9, and translocates to the nucleus where the complex binds to 

interferon stimulatory response elements (ISRE) to induce transcription of interferon stimulated 

genes (ISGs) (J E Darnell et al., 1994; James E Darnell, 1997) (Figure 5).  

The importance of functional IFNAR signaling during CMV infection has been impressively 

demonstrated by the use of IFNAR-deficient mice. Mice deficient for IFNAR signaling 

components are highly susceptible to MCMV and fail to control infection (Salazar-Mather et 

al., 2002; Strobl et al., 2005). Type I IFN signaling is a highly regulated process and a proper 

control is important to prevent autoimmune diseases. Transcription factors as well as effector 

genes induced by IFN, the so-called interferon-stimulated genes (ISGs), modulate the antiviral 

immune response during an infection. As the transcription factors IRF3 and NFκB are 

constitutively expressed, they have a pivotal role in the first wave of IFN-mediated gene 

expression. The first wave triggers the expression of IRF7, which together with IRF3 leads to 

a second wave of IFN induction in a positive feedback manner (reviewed in McNab et al., 

2015). The downstream activation of IFNAR signaling is also regulated at multiple levels to 

control the expression of ISGs.   
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Figure 5 Schematic overview of type I and type III IFN signaling. Canonical IFN signaling is induced by the 

recognition of secreted type I and type III IFNs by the respective cell surface anchored receptors. Type I IFNs 

including IFNα and IFNβ bind to the heterodimeric IFNα/β receptor 1 and 2 (IFNAR1/2), while type III IFNs (IFNλ1-

4) bind to the heterodimeric IL10Rβ and IFNLR1 chains. Binding activates the receptor associated kinases TYK2, 

JAK1, and JAK2 and induces phosphorylation. Subsequently, STAT1 and STAT2 are recruited, phosphorylated 

and associate with IRF9. The activated transcription factor complex translocates to the nucleus and activates gene 

expression of hundreds of interferon stimulated genes (ISGs), among them RIG-I and IRF7, that shape the antiviral 

immune response.  

1.7.6 Interferon-stimulated genes (ISGs) 

ISGs are defined by their induction during an IFN response (Schoggins, 2019). By this 

definition, many PRR-signaling proteins including cGAS, RIG-I, IFI16, IRF1, IRF7, and many 

more are ISGs and provide a positive feedback loop during IFN signaling. Although hundreds 

of ISGs have been identified, approx. 62 share an evolutionary conserved group critical for 

host IFN responses (Schoggins, 2019; Shaw et al., 2017). Many of them have been shown to 

target almost any stage during viral replication and back up the host immune response.  

Currently, the best studied ISGs are characterized by their antiviral effects. One example are 

members of the IFN-inducible transmembrane (IFITM) family which restrict infection of 

Filoviruses, SARS Coronavirus, and Influenza A Virus (I.-C. Huang et al., 2011). The murine 

myxovirus resistance 2 protein (Mx2) was described to inhibit trafficking of the HSV-1 genome 

to the nucleus (Kane et al., 2013). Members of the tripartite motif (TRIM) protein family show 

E3 ubiquitin ligase activity and one important member is the promyelocytic leukemia protein 

(PML). The transcription of PML is upregulated by IFNs (Stadler et al., 1995) and it has been 

described to contribute to an intrinsic host defense mechanism by forming PML-nuclear bodies 

(NBs) which target viral DNA for epigenetic silencing (Everett, 2001; Tavalai & Stamminger, 
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2009). The ISG ISG15 functions as a ubiquitin-like modifier. ISG15 can be conjugated to other 

proteins, a process known as ISGylation, and thereby regulates protein functions. During 

infection, ISG15 shapes the host signaling response and modulates the DNA damage and 

repair response to restrict viral replication (reviewed in Perng & Lenschow, 2018). The IFN-

mediated induction of ISG also affects the protein translation machinery. For example, the 

protein kinase RNA-activated (PKR) was shown to disrupt the viral life cycle by suppression of 

global translation via targeting the eukaryotic translation initiation factor 2A (eIF2A) (Ivashkiv 

& Donlin, 2014).  

On the other hand, ISGs also maintain cellular host translation with proteins from the interferon-

induced tetratricopeptide repeats (IFIT) family. In this group, ISG54 (IFIT2), ISG56 (IFIT1), and 

ISG60 (IFIT3) play substantial roles by interacting with the translation initiation factor eIF3 

(Terenzi et al., 2006).  

Additionally, ISG56 functions as a nucleic acid sensor and recognizes uncapped 5’ppp-RNA 

(Pichlmair et al., 2011). Furthermore, ISG56 regulates the production of type I IFN by a 

negative feedback loop through inhibition of IRF3 activation (Y. Li et al., 2009). The number of 

reported ISGs increases constantly and their functional characterization improves our 

knowledge about the complex interplay between pathogen and host substantially.  

1.7.7 Innate immune evasion of HCMV 

The rapid recognition of HCMV by the innate immune system is key to control infection. 

However, HCMV has coevolved with its human host and encodes a large repertoire of immune 

evasion strategies to counteract the host response. This perfect adaptation facilitates the 

efficient infection and the life-long persistence of HCMV. It is not surprising that HCMV targets 

early PRR-detection by a number of HCMV-encoded proteins to counteract the activation of 

the type I IFN response. Many tegument proteins have been identified as IFN antagonists. 

These pre-formed HCMV-encoded proteins are located inside of the virion and act directly 

upon viral entry by targeting multiple steps within the PRR-signaling cascade. So far, several 

tegument proteins have been successfully characterized as viral antagonists of the PRR-

signaling cascade.  

The DNA-sensing pathway including the PRRs cGAS and IFI16 and their adapter STING is 

the most important PRR-pathway for the detection of HCMV. For example, the HCMV-encoded 

tegument protein UL31 dissociates DNA from cGAS and thereby prevents its activation (Z.-F. 

Huang et al., 2018). Another tegument protein pp65, encoded by UL83, interacts with nuclear 

cGAS and antagonizes its activation in a DNA-independent manner (Biolatti et al., 2017). The 

pp65 protein also interacts with nuclear-located IFI16 to prevent downstream signaling via 

STING-TBK1-IRF3 (T. Li et al., 2013). At the same time, the IFI16-pp65 interaction leads to 
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activation of the HCMV major immediate-early promoter (MIEP) to facilitate immediate-early 

gene expression (Cristea et al., 2010). A set of HCMV proteins targets the important adaptor 

protein STING. The tegument protein pp71, encoded by UL82, was reported to disrupt the 

STING-iRhom2 translocation complex and thereby inhibits signaling downstream of STING 

(Y.-Z. Fu et al., 2017). Recently, UL42 has been shown to target both, cGAS and STING, 

thereby preventing downstream signaling and activation of type I IFNs (Y.-Z. Fu et al., 2019). 

Further, the IE2 protein encoded by UL122 redirects STING for proteasomal degradation (J.-

E. Kim et al., 2017). Two other HCMV proteins, US9 and UL48, have been demonstrated to 

antagonize the activation of STING either by inhibition of STING dimerization or by reducing 

its K63-linked ubiquitination, respectively (Choi et al., 2018; Kumari et al., 2017). Very recently, 

UL94 was added to the long list of HCMV antagonists as it was shown that UL94 binds STING 

to prevent dimerization and translocation (Zou et al., 2020).  

So far, no HCMV protein was reported to directly target TBK1, whereas multiple HSV-1 

encoded proteins have been characterized as TBK1 antagonists (reviewed in Stempel, Chan, 

& Brinkmann, 2019). In contrast, the activation of the downstream transcription factor IRF3 is 

diminished by pp65 (Abate et al., 2004). The group reported that IRF3 nuclear accumulation 

and phosphorylation of IRF3 was abrogated in the presence of pp65 but evidence for a direct 

interaction between pp65 and IRF3 was not found. The tegument protein UL26 targets the IKK 

complex and prevents phosphorylation of IκBα, thereby leading to an inhibition of NFκB 

activation (Mathers et al., 2014).  

Besides evasion strategies of PRR-signaling, HCMV also encodes proteins to evade antiviral 

effector proteins which are produced during the antiviral state. The ISG N-myc interactor (NMI) 

protein interacts with the STAT transcription factors STAT1 and STAT5, and mediates the 

transcription of ISGs (Zhu et al., 1999). The HCMV encoded protein UL23 interacts with NMI 

and thereby antagonizes ISG transcription (Feng et al., 2018). The HCMV gene product 

ORF94 (UL126a) degrades 2'-5'-oligoadenylate synthetase 1 (OAS1) mRNA and thereby 

counteracts the antiviral function of OAS1 (Tan et al., 2011). Similarly, the HCMV tegument 

protein TRS1 antagonizes PKR-mediated signaling by preventing eukaryotic translation 

initiation factor 2α (eIF-2α) phosphorylation to counteract the shutoff of viral and cellular protein 

translation (Child et al., 2004; Hakki et al., 2006).  

As described earlier, PML is an important member of the ND10 complex, a host cell intrinsic 

restriction factor of HCMV. ND10 nuclear bodies target the transcriptional activation of the 

MIEP to prevent viral transcription. It was shown that the IE1 protein blocks the oligomerization 

and activation of ND10 nuclear bodies to disrupt the cell intrinsic defense (Xu et al., 2001). 

pp71 (UL82) was shown to disrupt the ND10-MIEP complex by targeting hDaxx, another 

member of the ND10 complex (Hofmann et al., 2002). The HCMV tegument protein UL35 
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cooperates with the transactivation activity of pp71 and facilitates MIEP transcription 

(Schierling et al., 2004). At later time points, UL35 remodels ND10 nuclear bodies and helps 

pp71 to degrade hDaxx (Salsman et al., 2011).  

Due to biological and genetic similarities between MCMV and HCMV, MCMV became a 

validated model to study CMV infection.  

As for HCMV, several MCMV-encoded proteins have been described until now to antagonize 

the type I IFN response upon infection. One example for a potent STING antagonist is the 

m152 protein. The ER-resident transmembrane protein interacts with STING and perturbs its 

translocation from the ER to the Golgi compartment which delays type I IFN signaling (Stempel, 

Chan, Juranić Lisnić, et al., 2019). Another example is the MCMV-encoded M45 protein, which 

was the first MCMV protein described to antagonize downstream signaling of PRRs. M45 

interacts with IKKγ and mediates its lysosomal degradation to prevent NFκB activation (Fliss 

et al., 2012). Interestingly, it was shown that the tegument protein M45 first induces NFκB 

activation to facilitate transcription of the MIEP, but when de novo expressed at later time 

points, M45 inhibits NFκB activation to avoid expression of proinflammatory cytokines (Krause 

et al., 2014). The MCMV-encoded tegument protein M35 has been recently added to the 

growing list of MCMV antagonists. M35 immediately translocates to the nucleus upon infection 

and downmodulates the transcription of type I IFNs upstream of the IFNAR (Chan et al., 2017). 

The MCMV protein M27 antagonizes the host response downstream of the IFNAR. It was 

shown that M27 polyubiquitinates STAT2 leading to its proteasomal degradation mediated by 

the DNA-binding protein 1 (DDB1) – Cullin 4A (Cul4A) E3 ubiquitin ligase complex 

(Zimmermann et al., 2005) (Figure 6).  

Importantly, HCMV and MCMV do not only target the PRR-mediated antiviral response, but 

also shape the adaptive immune response in order to generate the perfect niche for a life-long 

infection. Among these strategies, CMV proteins counteract the differentiation of 

macrophages, the immune recognition by T-cells through downmodulating MHC antigen 

receptors, T-cell proliferation and NK-cell activation (reviewed by Dell’Oste et al., 2020).  
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Figure 6 Immune evasion of PRR signaling by CMV. PRRs like cGAS, IFI16 and RIG-I recognize CMV infection 

and activate the PRR signaling to induce type I IFNs and subsequently the expression of ISGs. CMV-encoded 

proteins interfere with multiple steps within the signaling cascade to downmodulate the type I IFN response. HCMV-

encoded proteins are shown in red, MCMV encoded proteins are shown in dark blue. Modified scheme from 

(Stempel, Chan, & Brinkmann, 2019). 

1.7.8 HCMV UL35 and UL35a 

The UL35 ORF encodes for two different proteins: UL35 and UL35a 

In 2002, Liu and Biegalke conducted transcript mapping by northern blot and revealed the 

existence of UL35 (Y. Liu & Biegalke, 2002). The HCMV open reading frame (ORF) for UL35 

encodes two different but C-terminally identical proteins with different biological functions and 

kinetics (Y. Liu & Biegalke, 2002) (Figure 7A). Both proteins are members of the UL25 gene 

family which is conserved among β-herpesvirinae. Depending on the viral strain, UL35 consists 

of 640 or 641 amino acids (aa) and is translated as a 75 kDa protein in the late phase of 

infection. Furthermore, UL35 is packed into viral particles as a minor tegument component 

whereas the shorter UL35a is not part of the viral tegument (Y. Liu & Biegalke, 2002). 

Originally, UL35a was found to be expressed early and late after infection as a 22 kDa protein. 

Liu et al. mapped UL35a between aa positions 448 to 640 within the UL35 ORF, with a total 

length of 194 aa. However, a recent ribosome profiling study discovered two variants of UL35a 

that differ in their protein size and translation time point (Stern-Ginossar et al., 2012). The first 

variant encompasses 194 aa and is identical to the one described by Liu and colleagues and 
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was detected early after infection in the ribosome profiling study (Figure 7A red “M”). The 

second variant contains 177 aa and is translated from a downstream start codon (Figure 7A 

blue “M”). This variant was detected at early and late time points of infection. Based on 

sequence similarities, HCMV UL35 has a homologue in MCMV encoded by M35. The M35 

protein was first described in 2004 by Kattenhorn and colleagues (Kattenhorn et al., 2004). 

Like UL35, M35 is a component of the MCMV tegument but the M35 ORF encodes only for 

one protein. The amino acid identity between M35 and UL35 is relatively low with 25%. From 

an evolutionary point of view, the aa sequence changes faster than the three dimensional 

protein structure. Therefore, the protein function could indeed be similar between UL35 and 

M35 despite a relatively low sequence identity. A short while ago, our group identified M35 as 

a novel type I IFN antagonist which acts from the nucleus downstream of multiple PRRs but 

upstream of the IFNAR (Chan et al., 2017). 

 

Figure 7 Description of the HCMV UL35 open reading frame and protein comparison to MCMV M35. (A) The 

HCMV UL35 open reading frame (ORF) encodes for two proteins, UL35 and UL35a. The UL35 protein is translated 

from the full length UL35 ORF and shown in orange. For UL35a, two variants have been described. One variant is 

translated from aa position 448 (red M) and the second variant is translated from aa position 465 (blue M). The 

second UL35a variant is depicted on the right panel and shown in green. (B) Comparison between UL35 and the 

MCMV homologue M35. UL35 and M35 are both tegument proteins and translated late during infection. UL35a is 

not enclosed in the tegument and is translated early and late in infection. 
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Localization of UL35 and UL35a 

In the past, Liu and colleagues studied the subcellular localization of UL35 during HCMV 

infection using a polyclonal rabbit antiserum specific for UL35 and UL35a. At 1 hour post 

infection, a cytoplasmic signal, most likely from tegument UL35, was detected. Later, a nuclear 

signal was present between 9 to 48 hours post infection. After 48 hours, the signal intensity 

increased in the cytosolic compartment (Y. Liu & Biegalke, 2002). Additionally, a C-terminal 

EGFP fusion protein of UL35 and UL35a was generated. Here, a cytoplasmic localization was 

reported for UL35-EGFP transfected fibroblasts. In contrast, UL35a-EGFP was expressed in 

the nucleus. A few years later, Salsman generated UL35 contructs with different protein tags 

and studies their cellular localization (Salsman et al., 2011). He used the human carcinoma 

cell line U-2 OS and transfected untagged UL35 to analyze the expression by 

immunofluorescence (IF). Interestingly, untagged UL35 was expressed in the nucleus and 

formed small nuclear bodies. In addition, he compared the expression of Flag-tagged UL35 

and reported a similar localization. Untagged UL35a was equally distributed in the nucleus and 

Flag-tagged UL35a showed the same localization. To explain the difference of the reported 

subcellular localization of UL35 to the report from Liu and colleagues, Salsman speculated that 

the different localization patterns might be due to the C-terminal EGFP tag fused to UL35 

(Salsman et al., 2011). However, the Salsman group did not analyze the localization of UL35 

and UL35a in the context of infection. 

Regulation of gene expression by UL35 and UL35a 

Besides the subcellular localization, the reported protein function of UL35 and UL35a is of 

particular interest because they contribute to the extensive manipulation the host. First, an 

effect of UL35 and UL35a on the activation of the HCMV encoded transactivator protein pp71 

(UL82) was discovered (Y. Liu & Biegalke, 2002). pp71 (UL82) is, like UL35, a component of 

the viral tegument and fulfills important functions during the early events of infection by 

counteracting the repressive effects of PML-associated proteins and thus contributes to the 

expression of the viral immediate-early proteins IE1 and IE2 (Salsman et al., 2012; Schierling 

et al., 2004). Schierling and colleagues identified UL35 as a strong interaction partner of UL82 

in a yeast two-hybrid screen and confirmed the interaction in transiently transfected cells. 

When co-expressed, UL35 and UL82 co-localize in the nucleus. The group constructed 

different N-and C-terminal truncation mutants of UL35, and thereby located the interaction 

domain for UL82 between aa 447 to 556 of UL35. This finding is in line with the observation 

that both, UL35 and UL35a, can interact with UL82 (Schierling et al., 2004). Interestingly, 

UL35a and UL82 localize to the cytoplasm when co-expressed in transiently transfected U-2 

OS cells, suggesting that UL35a could be necessary for proper incorporation of UL82 into the 

viral particle (Salsman et al., 2011). In reporter assays, UL35 acts cooperatively with UL82 to 

activate the expression of IE proteins from the MIEP (Y. Liu & Biegalke, 2002; Salsman et al., 
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2011; Schierling et al., 2004). In contrast, UL35a antagonizes UL82-mediated activation of the 

MIEP (Y. Liu & Biegalke, 2002; Salsman et al., 2011; Schierling et al., 2004). Besides the 

identified interaction between UL35 and UL35a with UL82, UL35 and UL35a are able to interact 

with themselves when immunoprecipitated from transfected cell lysates (Salsman et al., 2011).  

UL35 is important for viral replication but not essential 

Tegument proteins are often involved in regulatory and modulatory processes during 

immediate-early phases of infection as was shown for UL82 (Bresnahan & Shenk, 2000; 

Schierling et al., 2005). A recombinant HCMV which lacks the complete UL35 ORF (UL35 KO) 

showed a multiplicity of infection (MOI)-dependent effect on viral replication in human foreskin 

fibroblasts (HFF) (Dunn et al., 2003; Schierling et al., 2005). Although the uptake of viral 

tegument proteins was not affected by the lack of UL35, the viral DNA amount found in the 

mutant virus was 10-fold higher compared to wild type virus. Moreover, the lack of UL35 in 

mutants strongly reduced the expression of IE, E and L genes (Schierling et al., 2005). Electron 

microscopy analysis revealed fewer enveloped particles in UL35 KO-infected cells suggesting 

that UL35 may be important for viral particle formation (Schierling et al., 2005). A later study 

on UL35 compared viral growth curves kinetics between complete UL35 ORF KO and selective 

point mutations targeting specifically UL35 or UL35a protein expression (Maschkowitz et al., 

2018). The group observed an MOI-dependent growth deficiency which was strongest in the 

UL35a-deficient mutant. The selective lack of UL35 protein expression only showed moderate 

growth deficits leading to the conclusion that the strong growth deficit of the UL35 KO virus is 

rather due to the loss of UL35a than UL35 expression.  

Structural information 

 So far, the UL35 protein has not been crystalized and there is no protein structure available. 

However, the HHV-6B tegument protein U14 is the positional homolog of HCMV UL35 and its 

structure has been resolved at 1.85 Å resolution in 2016 (B. Wang et al., 2016). Because full 

length U14 (aa 1-604) was degraded during column purification, a mutant encompassing aa 

1-458 was used for crystallization. The structure-based sequence alignment of HHV-6B U14 

with HCMV UL35 showed a good conservation of the core region for 3 out of 4 subdomains. 

The crystal structure of U14 showed a dimerized protein but the residues involved in 

dimerization are different in UL35, suggesting that UL35 may not form a protein dimer. As most 

of the important residues to predict protein function are within the dimer sites, this structural 

information can hardly be converted for UL35 (B. Wang et al., 2016). When we analyzed the 

UL35 aa sequence for predicted domains, we noticed that the C-terminus of UL35, beyond aa 

position 470, is highly disordered, making predictions in this region impossible. Interestingly, 

U14 also contains a highly disordered C-terminus which may explain why the full protein could 

not be crystalized.   
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Cellular protein interactions with UL35 and UL35a   

Affinity purification followed by mass spectrometry (AP-MS) identified host proteins that 

interact with UL35 and UL35a in transiently transfected 293A cells (Salsman et al., 2012). 

Besides the previously described interactions of UL35 and UL35a with UL82 and UL35 with 

UL35a, different host proteins were identified that are either unique for UL35 or UL35a or were 

found as interaction partners for both proteins. The latter group consists of the ubiquitin-specific 

protease (USP7), the O-linked N-acetylglucosaminyl (O-GlcNac) transferase (OGT) and the 

nuclear import factor 4 (IPO4). Specific interactions with UL35 were discovered for the E3-

ubiquitin ligase complex proteins DDB1 and CUL4 associated factor 1 (DCAF1), DNA damage-

binding protein 1 (DDB1) and DET1 and DDB1 associated 1 (DDA1). Transportin 1 (TNPO1), 

RasGAP SH3 binding protein 2 (G3BP2) and the DEAD-box RNA helicase DDX18 were 

specifically recovered with UL35a. In the same study, the formation of USP7 nuclear bodies 

was shown to be inhibited by UL35 in a PML-independent manner. The CUL4A-DDB1-DCAF1 

E3 ubiquitin ligase complex was found to associate with UL35 but not with UL35a. Such 

complexes have been associated with DNA damage responses (DDR) and cell cycle control 

(Olma et al., 2009; Salsman et al., 2012). Salsman and colleagues observed that UL35 but not 

UL35a caused a G2 cell cycle accumulation in transfected host cells and they further showed 

that the UL35-mediated G2 checkpoint activation was dependent on the interaction with 

DCAF1 (Salsman et al., 2012). In addition, overexpressed UL35 but not UL35a induced a DNA 

damage response which was measured by phosphorylated γ-H2AX and 53BP1 foci. Besides 

USP7 and DCAF1, the remaining interacting proteins have not been evaluated and a proteomic 

profiling in the context of viral infection has not been conducted so far. UL35a potentially 

interacts with RNA-binding proteins according to the results observed in the AP-MS experiment 

(Salsman et al., 2012). Another mass spectrometry approach conducted by Lenarcic and 

colleagues used oligo(dT) cellulose to identify RNA-binding proteins in the context of HCMV 

infection (Lenarcic et al., 2015). Besides host RNA proteins, the authors also identified pp71 

(UL82) as an RNA-binding protein. UL35a was not detected in the context of infection, 

however, when UL35a was transfected into HeLa cells, it co-purified with oligo(dT) cellulose in 

an RNA-dependent manner, suggesting that it has the ability to associate with RNA. Because 

pp71 (UL82) and UL35a interact with each other, it was hypothesized that the interaction could 

occur via an RNA bridge. However, mycococcal nuclease digestion showed that the interaction 

did not require an RNA intermediate (Lenarcic et al., 2015).   

As described earlier, UL35 was reported to play an important role during viral assembly 

(Schierling et al., 2005), but the detailed mechanism could not be described so far. Recently, 

it has been shown that UL35 and UL35a interact with Sorting nexin 5 (SNX5), a member of the 

retrograde transport pathway (Maschkowitz et al., 2018). Maschkowitz and colleagues 

observed that the interaction of UL35 and UL35a with SNX5 is important for the proper 
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localization of HCMV glycoprotein B to the cVAC. This was the first report of an interaction 

between a tegument protein and a host transport factor that regulates protein translocation. In 

2012, Bcl-2 associated factor 1 (BclAF1) was identified as a cellular host restriction factor for 

HCMV (S. H. Lee et al., 2012). BclAF1 restricts viral gene expression and replication during 

HCMV infection. This study further revealed that tegument-derived UL35 and UL82 target 

BclAF1 for proteasomal degradation upon infection. The study further showed that BclAF1 

levels increased at later time points but are targeted by HCMV encoded miR-UL112-1 (S. H. 

Lee et al., 2012). This work nicely shows how HCMV manipulates antiviral host responses in 

a temporally and mechanistically distinct manner throughout the infection.  

1.7.9 Aims of this study  

Human cytomegalovirus (HCMV) is an opportunistic pathogen that is distributed worldwide. In 

immunocompetent individuals, HCMV infections are usually accompanied by mild symptoms 

or are even clinically asymptomatic. However, immunosuppressed individuals including 

transplant recipient and AIDS patients, can develop life threatening disease upon HCMV 

infection or reactivation. Moreover, HCMV can be transmitted from the mother to the fetus and 

cause severe birth defects.  

Immediately after infection, HCMV is recognized via germline-encoded pattern recognition 

receptors (PRR) which induce a potent antiviral cytokine and type I interferon (IFN) response. 

Type I IFNs then induce expression of IFN stimulated gene products (ISGs) via the type I IFN 

receptor (IFNAR), leading to an antiviral state of the infected as well as surrounding uninfected 

cells. HCMV has evolved effective strategies to modulate this potent immune response in order 

to secure the establishment of life-long infection. Therefore, it is essential to improve our 

understanding of the detailed mechanisms of HCMV-mediated immune evasion for 

sophisticated drug design and development of potent vaccination strategies.  

Recently, the MCMV tegument protein M35 was identified as a novel type I IFN modulator that 

interferes with multiple PRR pathways by inhibiting transcription of IFNβ. The HCMV 

homologue of M35 is the tegument protein UL35. The UL35 open reading frame (ORF) 

encodes two proteins, UL35 and UL35a, with have distinct biological functions. UL35 is 

translated from the full length ORF as a 75 kDa protein late after viral infection, and it is 

packaged into new virions as a minor tegument component. The shorter UL35a protein, which 

is collinear with the 177 amino acids of the C-terminus of UL35, is transcribed from a separate 

start codon as a 22 kDa protein early and late during infection, and is not incorporated in the 

tegument. While UL35 and UL35a have been described to contribute to viral replication and 

particle loading, it was unclear whether these proteins can modulate the innate immune 

response during infection. Based on the findings about the M35 proteins, we hypothesized that 

its HCMV homologue UL35 may exhibit a similar antagonistic function, and also addressed 
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whether UL35a could exert antagonistic activity regarding the PRR-mediated type I IFN 

response.  

Aim1: Characterization of the potential antagonistic activity of UL35 and UL35a in 

luciferase reporter assays and HCMV permissive fibroblasts. First, luciferase reporter 

assays were applied to characterize the potential of UL35 and UL35a, to downmodulate the 

transcription of type I IFNs. Subsequently, cell lines of HCMV permissive primary human 

fibroblasts stably expressing UL35 or UL35a were generated to test the antagonistic function 

of UL35 and UL35a in an HCMV-relevant cell type.   

Aim2: Exploration of the IFN antagonistic activity of UL35 in the context of infection 

using a recombinant HCMV. To explore the antagonistic role of UL35 during infection, a 

UL35-deficient recombinant HCMV was characterized. Further, a mouse monoclonal UL35 

antibody was generated with cooperation partners and then characterized for its specificity and 

sensitivity in multiple applications. Subsequently, this antibody was used for detailed protein 

expression kinetics and immunofluorescence analysis during HCMV infection. Finally, primary 

human fibroblasts were infected with wildtype HCMV and the UL35-deficient HCMV mutant to 

analyze the effect of UL35 on the type I IFN response. 

Aim3: Identification and characterization of cellular protein interaction partners of UL35 

and UL35a to uncover the mechanism of their antagonistic activity. To reveal the mode 

of action of the IFN antagonistic function of UL35 and UL35a, affinity purification coupled to 

mass spectrometry (AP-MS) was conducted with cooperation partners to identify cellular 

interaction partners of UL35 and UL35a. Subsequently, a selection of identified interaction 

partners was assessed for their role in UL35- and UL35a-mediated immune evasion.  
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2 Material and Methods 

2.1 Materials 

Table 3 Commercially available materials 

Material Source 

96-well cell culture white microplate Greiner Bio-One, Frickenhausen, Germany 

96-,48-,24-,12-,6-well cell culture plates Greiner Bio-One, Frickenhausen, Germany 

Amersham Hybond P 0.2 PVDF GE Healthcare, Freiburg, Germany 

Amersham Protran 0.45 NC GE Healthcare, Freiburg, Germany 

Coverslips, 12 mm Thermo Scientific, Schwerte, Germany 

ibidi µ-slide plastic chambers # 80826 Ibidi GmbH, Martinsried, Planegg, Germany 

 

2.1.1 Reagents (commercially available) 

Table 4 Commercially available reagents 

Reagents Source, #catalog number 

2-Chloroacetamide (CAA) Sigma-Aldrich, Seelze, Germany 

Acetic acide Sigma-Aldrich, Seelze, Germany 

Acetonitrile Sigma-Aldrich, Seelze, Germany 

Agar BD Bioscience Pharmingen, San Diego, US 

Agarose Sigma-Aldrich, Seelze, Germany 

Ampicillin (100 mg/ml) Sigma-Aldrich, Seelze, Germany 

Bovine serum albumin (BSA) Sigma-Aldrich, Seelze, Germany 

cOmplete™, EDTA-free Protease 

Inhibitor cocktail 

Roche, Penzberg, Germany 

cOmplete™, EDTA-free Protease 

Inhibitor Cocktail #11873580001 

Roche, Penzberg, Germany  

cOmplete™, Protease Inhibitor 

Cocktail #04693116001 

Roche, Penzberg, Germany 

DMEM high glucose, Gibco™  

# 41965120 

life technologies, Darmstadt, Germany 

DNAclear™ purification kit, 

Ambion 

Thermo Scientific, Schwerte, Germany 

Fermentas dNTP set, 100 mM Thermo Scientific, Schwerte, Germany 

Fetal Bovine Serum (FBS) #F7524 Sigma-Aldrich, Seelze, Germany 

Ficoll™ LSM 1077 PAA Laboratories GmbH, Austria 

Fugene HD Promega, Mannheim, Germany 

Glycerol Sigma-Aldrich, Seelze, Germany 

GoTaq™ qPCR master mix 2x Promega, Mannheim, Germany 

Guanidine hydrochloride Sigma-Aldrich, Seelze, Germany 

Hoechst 33342 Thermo Scientific, Schwerte, Germany 

Interferon stimulatory DNA (ISD)  Ordered from IDT (Coralville, US) (forward: 

5′TACAGATCTACTAGTGATCTATGACTGATCTGTACATGAT

CTACA) and reverse: 

5′TGTAGATCATGTACAGATCAGTCATAGATCACTAGTAGA

TCTGTA) annealed by heating up the mixture to 70 °C for 10 

minutes followed by incubation at room temperature. 

IPA300 immobilized protein A 

affinity resin #10-1003-03 

RepliGen Corporation, Lund, Sweden  
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iScript™ cDNA synthesis kit Bio-Rad, Munich, Germany 

jetPEI™ transfection reagent Polyplus transfection, New York, US 

Lipofectamine 2000 reagent life technologies, Darmstadt, Germany 

Lumi-Light western blotting 

substrate 

Roche, Penzberg, Germany 

Lysyl Endopeptidase (LysC) FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan 

Magnesium chloride Sigma-Aldrich, Seelze, Germany 

Methanol (mass spectrometry 

grade) 

Sigma-Aldrich, Seelze, Germany 

Midori Green Nippon Genetics Europe GmbH, Düren, Germany 

Nonfat dry milk J.M. Gabler-Saliter Milchwerk GmbN & Co. KG, Obergrünzburg, 

Germany 

NP-40 (IGEPAL® CA-630) Sigma-Aldrich, Seelze, Germany 

Nycodenz® Axis-Shield, Oslo, Norway 

O'GeneRuler 1kb Plus DNA ladder 

#SM1163 

Thermo Scientific, Schwerte, Germany  

Opti-MEM, Gibco™ life technologies, Darmstadt, Germany 

PageRuler plus prestained protein 

ladder, 10 to 180 kDa #26617 

Thermo Scientific, Schwerte, Germany  

PCR MasterMix 2x #K0171 Thermo Scientific, Schwerte, Germany 

Penicillin-Streptomycin (5,000 

U/mL), (P/S) #15070063 

Gibco™ life technologies, Darmstadt, Germany  

Pfu Ultra High Fidelity Reaction 

Buffer with MgSO₄ 

Agilent, Böblingen, Germany 

Phorbol 12-myristate 13-acetate 

(PMA) 

Sigma-Aldrich, Seelze, Germany 

PhosSTOP Phosphatase Inhibitor 

Cocktail #04906837001 

Roche, Penzberg, Germany  

Pierce™ anti-HA Agarose beads Thermo Scientific, Schwerte, Germany 

Polybrene Santa Cruz Biotechnology, Dallas, US 

Polyethylenimine (PEI) Polysciences, Inc., Warrington, UK 

Prolong Gold life technologies, Darmstadt, Germany 

Prolong Gold Antifade Mountant life technologies, Darmstadt, Germany 

Recombinant human IFNβ (#300-

02BC)  

PeproTech, Hamburg, Germany 

Recombinant human TNFα (#300-

01A) 

PeproTech, Hamburg, Germany 

Restore Plus Western Blot 

Stripping Buffer  

Thermo Scientific, Schwerte, Germany 

rhGM-CSF  R&D Systems, Minneapolis, US 

rhM-CSF R&D Systems, Minneapolis, US 

RPMI 1640, Gibco™ #21875034 life technologies, Darmstadt, Germany  

Sodium chloride Sigma-Aldrich, Seelze, Germany 

Sodium Pyruvate (100 mM), 

Gibco™ #11360039 

Gibco™ life technologies, Darmstadt, Germany  

SuperSignal West Femto 

Maximum Sensitivity Substrate 

Thermo Scientific, Schwerte, Germany 

T4 DNA ligase buffer (5x) Thermo Scientific, Schwerte, Germany 

Trifluoroacetic acid (TFA) Sigma-Aldrich, Seelze, Germany 

Tris hydrochloride (Tris-HCl) Sigma-Aldrich, Seelze, Germany 

Tris-2(-carboxyethyl)-phosphine 

(TCEP) 

Sigma-Aldrich, Seelze, Germany 
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Triton X-100 Sigma-Aldrich, Seelze, Germany 

Trypsin (sequencing grade 

modified trypsin) 

Promega, Mannheim, Germany 

Trypsin-EDTA (0.25%), phenol 

red, Gibco™ #25300054 

Gibco™ life technologies, Darmstadt, Germany  

Tryptone BD Bioscience Pharmingen, San Diego, US 

Yeast extract AppliChem GmbH, Darmstadt, Germany 

 

2.1.2 Enzymes (commercially available) 

Table 5 Commercially available enzymes 

Enzyme Source 

Alkaline Phosphatase (1 U/μL) Sigma-Aldrich, Seelze, Germany 

Fermentas FastDigest enzymes Thermo Scientific, Schwerte, Germany 

Invitrogen™ Platinum™ SuperFi™ DNA 

Polymerase #12351 

Thermo Scientific, Schwerte, Germany,  

Pfu Ultra High Fidelity DNA polymerase #600380 Agilent, Böblingen, Germany 

T4 DNA ligase (5 units/μL) Thermo Scientific, Schwerte, Germany 

 

2.1.3 Antibodies (commercially available) 

Table 6 Primary antibodies 

Antibody Species Source 
Working dilution and incubation 

IB IP IF 

Cul4A rabbit 
Cell Signaling 

#2699 

1:1000 (o/n, 

4°C) 
  

DCAF1, 

VPRBP 

(D5K5V) 

rabbit 
Cell Signaling 

#14966 

1:1000 (o/n, 

4°C) 
  

DDB1 

(D4C8) 
rabbit 

Cell Signaling 

#6998 

1:1000 (o/n, 

4°C) 
  

Fibrillarin 

(C13C3) 
rabbit 

Cell Signaling 

#2639 

1:4000 (o/n, 

4°C) 
  

HA (C29F4) rabbit 
Cell Signaling 

#3724 

1:2000 (o/n, 

4°C) 

1:1800 (o/n, 

4°C) 
1:200 (1h, RT) 

HA-HRP rat 
Roche # 12 013 

819 001 

1:4000 (1h, 

RT) 
  

IE1 (63-27) mouse 
(Andreoni et al., 

1989) 
1:2 (o/n, 4°C)  1:2 (1h, RT) 

IRF3 

(D83B9) 
rabbit 

Cell Signaling 

#4302 

1:1000 (o/n, 

4°C) 
  

Myc (9B11) mouse 
Cell Signaling 

#2276 

1:5000 (o/n, 

4°C) 
1:200 (o/n, 4°C) 1:1000 (1h, RT) 

O-GlcNAc 

(CTD110.6) 
mouse 

Cell Signaling 

#9875 

1:1000 (o/n, 

4°C) 
  

OGT 

(D1D8Q) 
rabbit 

Cell Signaling 

#24083 

1:2000 (o/n, 

4°C) 
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Phospho-

IRF3 

(Ser396) 

rabbit 
Cell Signaling 

#4947 

1:1000 (o/n, 

4°C) 
  

Phospho-

TBK1 
rabbit 

Cell Signaling 

#5483 

1:2000 (o/n, 

4°C) 
  

STING 

(D2P2F) 
rabbit 

Cell Signaling 

#13647 

1:1000 (o/n, 

4°C) 
  

TBK1/NAK rabbit 
Cell Signaling 

#3504 

1:1000 (o/n, 

4°C) 
  

UL35 (BIE-

1) 
rabbit 

(Y. Liu & 

Biegalke, 2002) 

1:5000 (o/n, 

4°C) 
 1:2000 (1h, RT) 

UL35A 0.3 

(hybridoma) 
mouse Stipan Jonjic 1:2 (o/n, 4°C)  1:2 (1h, RT) 

UL82 

(pp71) 
rabbit 

(Tavalai et al., 

2008) 

1:5000 (o/n, 

4°C) 
 1:500 (1h, RT) 

UL83 

(pp65) 
mouse Abcam #ab6503 

1:10000 (o/n, 

4°C) 
 1:3200 (1h, RT) 

α-Tubulin mouse 
Sigma Aldrich, 

#T6199 

1:1000 (o/n, 

4°C) 
  

β-Actin mouse 
Sigma Aldrich 

#A5441 

1:4000 (1h, 

RT) 
  

 

Table 7 Secondary antibodies 

Antibody Species Source 
Working dilution and incubation 

IB IF 

Anti-mouse IgG 

(H+L)-Alexa 488 
Goat, polyclonal 

Thermo Fisher (A-

11029) 
 1:400 (1h, RT) 

Anti-mouse IgG + 

IgM (H+L)-HRP 
Goat, polyclonal 

Dianova  

(115-035-068) 

1:10000 (1h, 

RT) 
 

Anti-rabbit IgG 

(H+L)-Alexa 647 
Goat, polyclonal 

Thermo Fisher (A-

27040) 
 1:400 (1h, RT) 

Anti-rabbit IgG 

(H+L)-HRP 
Goat, polyclonal 

Dianova  

(111-035-045) 

1:10000 (1h, 

RT) 
 

Anti-rabbit IgG (L 

specific)-HRP 

Mouse, 

monoclonal 

Dianova 

(211-032-171) 
  

 

2.1.4 Kits (commercially available) 

Table 8 Commercially available kits 

Kit Source 

BCA assay: Protein assay kit Interchim, Montlucon, France 

DNA-free™ DNA Removal Kit Thermo Scientific, Schwerte 

GoTaq® qPCR Master Mix Promega, Mannheim, Germany 

innuPREP RNA Mini Kit 2.0 Analytik Jena, Jena, Germany 

iScript™ cDNA Synthesis Kit Bio-Rad, Munich, Germany 

Mix2Seq Kit Eurofins MWG Operon (Ebersberg, Germany) 

Monocyte isolation kit II  Miltenyi Biotec, Bergisch Gladbach, Germany 

NucleoBond® Xtra Midi Macherey-Nagel, Düren, Germany 

NucleoBond® Xtra Midi EF (endotoxin-free) Macherey-Nagel, Düren, Germany 



Materials and Methods  31 

NucleoSpin® Gel and PCR Clean-up Macherey-Nagel, Düren, Germany 

NucleoSpin® Plasmid  Macherey-Nagel, Düren, Germany 

Promega Dual-Luciferase® Reporter Assay 

System 

Promega, Mannheim, Germany 

Q5® Site-Directed Mutagenesis Kit New England Biolabs GmbH (Frankfurt am 

Main, Germany) 

U-PLEX interferon combo (hu) Meso Scale Diagnostics, Rockville, US 

 

2.1.5 Buffers and solutions (recipes) 

Table 9 Buffers and solutions 

Buffers and solutions Components 

10x Guanidine chloride buffer 6 M Guanidine hydrochloride 

10 mM TCEP 

40 mM CAA 

0.1 M Tris-HCl, pH 8.0 

5x Stagetip loading buffer 10% Acetonitrile 

3% TFA 

Agarose gel 1% agarose in TAE buffer 

Ammonium persulfate 25% 25% ammonium persulfate in MilliQ H2O, sterile-

filtered 

Blocking solution for immunofluorescence 4% BSA in PBS 

Blotting buffer SDS PAGE 25 mM Tris base 

192 mM glycine 

0.05% SDS 

20% methanol 

in MilliQ H2O 

BSA blocking solution for immunoblotting 5% 5g BSA in 100 mL TBS-T 

Citric acid buffer 40 mM citric acid 

10 mM KCl 

135 mM NaCl 

in MilliQ H2O 

CMC medium 3.75 g sodium carboxymethylcellulose (CMC) 

In 386 mL MilliQ H2O 

Solution was autoclaved, then added: 

50 mL 10x DMEM 

25mL 7.5% NaHCO3 

25 mL FCS 

5 mL 200 mM L-Glutamine 

5 mL P/S 

3.9 mL 45% D-(+)-Glucose 

DNA extraction lysis buffer 10 mM Tris-HCl, pH 8.5 

1.5 mM MgCl2 

1% NP-40 

1% Tween 20 

diluted in MilliQ H2O, sterile filtered 

Immunoblotting transfer buffer 25mM Tris base 

192 mM glycine 

0.05% SDS 

20% methanol 

in MilliQ H2O 
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IP lysis buffer 20mM Tris-HCl pH 7.5 

150mM NaCl 

1% NP-40 (IGEPAL CA-630) 

0.25% Sodium deoxycholate 

0.1% SDS 

Milk blocking solution for immunoblotting 5% 5g nonfat dry milk in 100 mL TBS-T 

Nycodenz 10% 10% Nycodenz ®  

dissolved in VSB at 70°C, autoclaved and stored 

dark at RT  

PBS 137 mM NaCl 

2.7 mM KCl 

10 mM Na2HPO4 x 2H2O 

1 mM KH2PO4 

In MilliQ H2O, pH 7.4 

PEI 0.1% polyethylenimine in MilliQ H2O 

PFA 4% 4% PFA in MilliQ H2O, pH 7.4 

Polybrene 8% polybrene in MilliQ H2O, sterile filtered 

RIPA dimerization lysis buffer 25 mM Tris-HCl, pH 7.6 

150 mM NaCl 

1% NP-40 

1% Sodium deoxycholate 

0.1% SDS 

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 

1 x protease inhibitors 

1 x phosphatase inhibitor was added for specific 

experiments 

SDS electrophoresis buffer 25 mM Tris base 

192 mM glycin 

0.1% SDS 

in MilliQ H2O 

SDS loading buffer (4x) 250 mM Tris-HCl, pH 6.8 

8% SDS 

0.04% bromphenol blue 

40% glycerol 

10% β-mercaptoethanol 

in MilliQ H2O 

SDS separating gel (10%)- for 2 gels 4.9 mL MilliQ H2O 

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 20% ammonium persulfate 

SDS separating gel (5%)- for 2 gels 2.3 mL MilliQ H2O 

1 mL 1.5 M Tris-HCl, pH 8.8 

680 µL Roti®-Phorese Gel 30 (37, 5:1) 

40 µL 10% SDS 

8 µL TEMED 

12 µL 20% ammonium persulfate 
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Stagetip MS Buffer A 0.5% Acetic acid in H2O 

Stagetip MS Buffer A* 2% Acetonitrile 

0.1% TFA 

Stagetip MS Buffer B 80% Acetonitrile 

0.5% Acetic acid 

Subcellular fractionation lysis buffer 0.1 % NP-40 (IGEPAL CA-630) 

1x Protease inhibitors 

in PBS 

TAE buffer 40 mM Tris base 

20 mM sodium acetate 

1 mM EDTA 

in MilliQ H2O 

TAP lysis buffer -I 100mL TAP wash buffer + 0.2% NP-40 

TAP lysis buffer -II 50mL TAP lysis buffer –I + 1 tablet of EDTA-free 

protease inhibitor  

TAP wash buffer 50 mM Tris-HCl, pH 7.5 

5% glycerol 

1.5 mM MgCl2 

100 mM NaCl 

TBS 20 mM Tris base 

137 mM NaCl 

in MilliQ H2O, pH 7.6 

TBS-T 0.1% Tween-20 

in TBS buffer 

Virus storage buffer (VSB) 50 mM Tris-HCl, pH 7.8 

12 mM KCl 

5 mM Na2EDTA 

in MilliQ H2O 

 

2.1.6 Oligonucleotides 

Oligonucleotides were purchased from Eurofins MWG Operon (Ebersberg, Germany) or from 

Integrated DNA technologies IDT (Coralville, US).   

Table 10 Oligonucleotides used for cloning 

ID Name Sequence (5’-3’) 

1052 HindUL35FOR GCATAAGCTTGCCACCATGGCCCAGGGATCGCGAGC 

1053 NotIUL35HAHAREV CCATGCGGCCGCctaTGCGTAGTCTGGTACGTCGTACGGATAT

GCGTAGTCTGGTACGTCGTACGGATAGAGATGCCGTAGGTTTT

CG 

1054 HindUL35aFOR GCATAAGCTTGCCACCATGGAACTCCTCGACAGAGC 

1056 NotUL35REV GCATGCGGCCGCTCAGAGATGCCGTAGGTT 

1057 BamUL35aFOR GCATGGATCCTTGAACTCCTCGACAGAGCG 

1238 HindUL35aFOR_N GCATAAGCTTGCCACCATGATGATCGAGGGCGCC 

1238 HindUL35aFOR_N GCATAAGCTTGCCACCATGATGATCGAGGGCGCC 

1239 Q5SDM_567_F TATCCGTACGACGTACCAGACTAC 

1240 Q5SDM_464_R GAAGCGCTTGGGTGTCAG 

1241 Q5SDM_567_R CTGCTCCAGGTCCGCGGA 

1242 Q5SDM_591_R GTGGTGGCTGTAGGCTAC 

1243 Q5SDM_623_R GTAGCTAGTGCTCGGCAT 
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1284 NotIUL35_REV CCATGCGGCCGCtcaGAGATGCCGTAGGTTTTCGGC 

1352 BamHI_OGT_fwd GCATGGATCCGCCACCatggcgtcttccgtgggc 

1353 NotI_OGT_rev CCATGCGGCCGCttatgctgactcagtgacttcaac 

2005 UL35_529A_for tgccgcagccgctggtctcttactcgctgccgcagctTTGTCGGGGTCGCACGG

C 

2006 UL35_529A_rev gccccggcagctgcgtaggcagccgcgggtgcggcagcTCGTGTGGATGACGA

CCTGGC 

2055 UL35_A529-531_F cgcaCCCGCGTCCACGTACACC 

2056 UL35_A529-531_R gcagcTCGTGTGGATGACGACCTGG 

2057 UL35_A534/537_F tacgcaTCGGCCGGGACTTCTTCTACC 

2058 UL35_A534/537_R cgtagcCGCGGGCGTGGTGGTTCG 

2059 UL35_A550-553_F gcagctTTGTCGGGGTCGCACGGC 

2060 UL35_A550-553_R ggcagcGAGTAAGAGACCCGTGGTAGAAGAAGTC 

 

Table 11 Oligonucleotides used for RT-qPCR 

ID Name Sequence (5’-3’) 

1175 IFIT1 For CACCATTGGCTGCTGTTTAG 

1176 IFIT1 Rev CTCCTCTGAGATCTGGCTATTC  

1262 hu_HPRT1 for GAACGTCTTGCTCGAGATGTG 

1263 hu_HPRT1 rev CCAGCAGGTCAGCAAAGAATT 

1266 huIFN-β for TGTGGCAATTGAATGGGAGGCTTGA 

1267 huIFN-β rev TCAATGCGGCGTCCTCCTTCTG 

1787 hIFIT3_for CCTACATAAAACACCTAGATGGT 

1788 hIFIT3_rev AAGTGATAGTAGACCCAGGCGT 

 

Table 12 Oligonucleotides used for sequencing and colony PCR 

ID Name Sequence (5’-3’) 

108 MSCVfwd CATCCGCCCCGTCTCTCC 

109 MSCVrev AGCGCCAAGTGCCCAGCG 

598  T7 for  TAATACGACTCACTATAGGG  

599  BGH rev  TAGAAGGCACAGTCGAGG  

889 T7 Terminator GCTAGTTATTGCTCAGCGG 

1233 pMSCV_UL35a_for GGAACTCCTCGACAGAGCGC 

 

2.1.7 Vectors and plasmids 

Table 13 Cloning vectors 

Vector Description Source 

pcDNA3.1(+)  Mammalian expression vector, 

immediate early CMV 

promoter, ampR, neoR  

Invitrogen  

pcDNA4 myc/His A  Mammalian expression vector, 

immediate early CMV 

promoter, C-terminal c-

myc/6xHis tag, ampR  

Invitrogen  
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pET-28c Bacterial expression vector for 

N-terminally 6xHis-tagged 

proteins, kanR 

Novagen™, Merck Millipore 

pMSCV puro  Retroviral vector, LTR promter, 

ampR, hygR  

Clontech  

 

Table 14 Reporter plasmids 

Vector Description Source 

pGL3-IFNβ-Luciferase  

 

Reporter plasmid, expresses 

Firefly luciferase under control 

of the 812 bp murine IFNβ 

promoter, ampR  

Stefan Lienenklaus, HZI  

pGL3-ISG56-Luciferase Reporter plasmid, expresses 

Firefly luciferase under control 

of the human ISG56 promoter, 

ampR 

Cloned by Ulrike Diekmann, 

HZI, VIMM group 

pNF-κB-Luciferase Cis-

Reporter 

Reporter plasmid, expresses 

Firefly luciferase downstream 

of 5x NFκB enhancer elements, 

ampR 

Agilent #219077 

TK Renilla  Reporter plasmid, expresses 

Renilla luciferase under control 

of thymidine kinase promoter, 

ampR  

Promega (E2241)  

 

Table 15 cDNA expression constructs 

Vector Description Source 

CMVBL IRF3-5D Human IRF3 containing five 

amino acid substitutions 

(S396D, S398D, S402D, 

S404D, S405D), CMV promoter 

John Hiscott, Institut Pasteur 

Cenci Bolognetti Foundation, 

Rome, Italy 

Flag-MAVS Human full-length MAVS, 5' flag 

tagged, CMV promoter  

received from Friedemann 

Weber, originating from Shizuo 

Akira, Osaka University, Japan 

Flag-TBK1 in pcDNA3.1 Human TBK1 5’ flag tagged in 

pcDNA3.1, ampR 

Søren R Paludan, Aarhus 

University, Department of 

Biomedicine, Denmark 

gag-pol  Expression of the retroviral 

polyprotein group antigen (gag) 

which is processed to matrix 

and other core proteins and pol 

expressing reverse 

transcriptase, RNaseH and 

integrase; ampR  

Boaz Tirosh – The Hebrew 

University of Jerusalem, Israel  

LacZ-myc/His in pcDNA4  Mammalian expression of c-

myc/6xHis-tagged β-

galactosidase, ampR zeoR  

Invitrogen  
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mCherry-mSTING  

in pEF-BOS  

Mammalian expression of 

monomeric Cherry-tagged 

murine STING, ampR  

Andrea Ablasser – École 

Polytechnique Fédérale de 

Lausanne, Lausanne, 

Switzerland  

murine cGAS-GFP  

in pEF-BOS  

Mammalian expression of 

GFP-tagged murine cGAS, 

ampR  

Andrea Ablasser – École 

Polytechnique Fédérale de 

Lausanne, Lausanne, 

Switzerland  

pCAGGS Flag-RIG-I-N Flag-hRIG-I-N terminal domain Andreas Pichlmair, Max Planck 

Institute of Biochemistry, 

Germany 

pcDNA3.1 M27 V5 MCMV M27 C-terminal V5 

tagged in pcDNA3.1 

Munks et al. 2006 

pcDNA3.1 M35 V5 MCMV M35 C-terminal V5 

tagged in pcDNA3.1 

Munks et al. 2006 

pcDNA3.1 UL35- HA HCMV UL35 C-terminal tagged 

with 2x HA in pcDNA3.1(+), 

ampR 

Cloned by Sampada 

Sudarshan, HZI, VIMM group 

pcDNA3.1 UL35a- HA HCMV UL35a C-terminal 

tagged with 2x HA, ampR 

Cloned by Sampada 

Sudarshan, HZI, VIMM group 

pcDNA3.1 UL83 HCMV UL83 (pp65) untagged in 

pcDNA3.1 

Received from Jens von Einem, 

Universitätsklinikum Ulm, 

Germany 

pcDNA4 LacZ-myc/His Myc-tagged LacZ in pcDNA4 Invitrogen 

pcDNA4 M35-myc/His M35 C-terminal myc-tagged, 

subcloned in pcDNA4 from 

MCMV Smith strain  

Cloned by Vladimir Goncalves 

Magalhaes, HZI, VIMM group 

pcDNA4 M76-myc/His M76 C-terminal myc-tagged, 

subcloned in pcDNA4 from 

MCMV Smith strain  

Cloned by Christine Steffens, 

HZI, VIMM group 

pcDNA4 UL35- myc/His HCMV UL35 C-terminal tagged 

with myc/His in pcDNA4 

myc/His, ampR 

Cloned by Baca Chan, HZI, 

VIMM group 

pcDNA4 UL35a- myc/His HCMV UL35a C-terminal 

tagged with myc/His in pcDNA4 

myc/His, ampR 

Cloned by Baca Chan, HZI, 

VIMM group 

pEF1 UL82- myc HCMV UL82 (pp71) C-terminal 

tagged myc in pEF1 myc/His-C 

Received from Jens von Einem, 

Universitätsklinikum Ulm, 

Germany 

pEF1 UL83- myc HCMV UL83 (pp65) C-terminal 

tagged myc in pEF1 myc/His-C 

Received from Jens von Einem, 

Universitätsklinikum Ulm, 

Germany 

pEGFP-p65 Human p65, N-terminally 

tagged with EGFP  

Warner Greene (Addgene 

plasmid # 23255) 

pIRES2-GFP IRES-containing bicistronic 

vector expressing EGFP, ampR 

neoR 

Clontech (TaKaRa) 

pOTB7 huOGT cDNA containing vector of 

human OGT, ChloramphenicolR 

Dharmacon # MHS6278-

202832476 

VSV-G  Expression of retroviral 

envelope G protein from 

vesicular stomatitis virus, ampR  

Boaz Tirosh – The Hebrew 

University of Jerusalem, Israel  

 



Materials and Methods  37 

Table 16 Expression constructs generated in this study 

Vector Backbone Template Primers 
Restriction 

enzymes 
Method 

pcDNA3.1 OGT 

untagged 

pcDNA3.1(+) pOTB7 huOGT #1352/1353 NotI/BamHI PCR 

pcDNA3.1 UL35 

Ala529-531 

pcDNA3.1(+) pcDNA3.1 UL35-

HA 

#2055/2056  Q5 

Mutagenesis 

pcDNA3.1 UL35 

Ala529-553 

pcDNA3.1(+) pcDNA3.1 UL35-

HA 

#2005/2006  Q5 

Mutagenesis 

pcDNA3.1 UL35 

Ala534/537 

pcDNA3.1(+) pcDNA3.1 UL35-

HA 

#2057/2058  Q5 

Mutagenesis 

pcDNA3.1 UL35 

Ala550-553 

pcDNA3.1(+) pcDNA3.1 UL35-

HA 

#2059/2060  Q5 

Mutagenesis 

pcDNA3.1 UL35 

untagged 

pcDNA3.1(+) pcDNA4UL35-myc #1052/1284 HindIII/NotI PCR 

pcDNA3.1 UL35a 

long HA 

pcDNA3.1(+) pcDNA4UL35-myc #1238/1053 HindIII/NotI PCR 

pcDNA3.1 UL35a 

long untagged 

pcDNA3.1(+) pcDNA4UL35-myc #1238/1284 HindIII/NotI PCR 

pcDNA3.1 UL35a 

untagged 

pcDNA3.1(+) pcDNA4UL35-myc #1054/1284 HindIII/NotI PCR 

pcDNA3.1 

UL35N HA (aa1-

464) 

pcDNA3.1(+) pcDNA3.1 UL35-

HA 

#1239/1240  Q5 

Mutagenesis 

pcDNA3.1 

UL35ΔC1 HA 

(aa1-567) 

pcDNA3.1(+) pcDNA3.1 UL35-

HA 

#1239/1241  Q5 

Mutagenesis 

pcDNA3.1 

UL35ΔC2 HA 

(aa1-591) 

pcDNA3.1(+) pcDNA3.1 UL35-

HA 

#1239/1242  Q5 

Mutagenesis 

pcDNA3.1 

UL35ΔC3 HA 

(aa1-623) 

pcDNA3.1(+) pcDNA3.1 UL35-

HA 

#1239/1243  Q5 

Mutagenesis 

pET-28c UL35a pET-28c pcDNA4 UL35- 

myc/His 

#1056/1057 NotI/BamHI PCR 

pMSCV UL35 HA pMSCV puro pcDNA3.1 UL35-

HA 

 HpaI/PmeI Blunt-end 

pMSCV UL35a 

HA 

pMSCV puro pcDNA3.1 UL35a-

HA 

 HpaI/PmeI Blunt-end 

 

2.1.8 Cell lines and cell culture media 

Cells were maintained at 37°C in a humidified incubator enriched with 7 Vol% CO2. Cells were 

routinely passaged by trypsinization every 2-7 days.  

Table 17 Cell lines 

Cell lines description Source 

HEK293T derivative of human embryonic 

kidney 293 cells, contains the SV40 

T-antigen 

ATCC® CRL-3216™ 



Materials and Methods  38 

HFF-1 Primary human foreskin fibroblasts ATCC® SCRC-1041™ 

HFF-1 pMSCV ev Primary HFF-1 stably expressing 

pMSCV puro 

This study 

HFF-1 pMSCV UL35 HA Primary HFF-1 stably expressing 

pMSCV UL35 HA 

This study 

HFF-1 pMSCV UL35a HA Primary HFF-1 stably expressing 

pMSCV UL35a HA 

This study 

MRC-5 Human fibroblast cell lined derived 

from normal lung tissue 

ATCC® CCL-171™ 

PBMC Human peripheral blood 

mononuclear cells, isolated from 

buffy coats by G. Frascaroli 

Buffy coats 

THP-1 Acute monocytic leukemia cell line DSMZ ACC 16 

U-2 OS Human epithelial osteosarcoma cell 

line 

DSMZ ACC 785 

 

Table 18 Cell culture media 

Cell lines Growth medium 

HEK293T DMEM high glucose 

10% FBS 

1x P/S 

HFF-1 DMEM high glucose 

15% FBS 

1x Sodium pyruvate 

1x P/S 

MRC-5 DMEM high glucose 

10% FBS 

1x P/S 

THP-1 RPMI 1640 

10% FBS 

1x P/S 

U-2 OS DMEM high glucose 

10% FBS 

1x Sodium pyruvate 

1x P/S 

PBMC RPMI 1640 

10% FBS 

2 mM L-glutamine 

1x P/S 

 

2.1.9 Bacteria and growth media 

Table 19 Bacteria strains 

Bacteria Strain genotype 

Escherichia coli DH10B F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74 recA1 

endA1 araD139 Δ(ara leu) 7697 galU galK rpsL nupG λ- 

Escherichia coli GS1783 DH10B l cl857 Δ (cro–bioA) <>araC–PBAD I-sceI (Tischer et al., 

2004) 
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Table 20 Bacterial growth media 

Medium Components 

LB medium 10 g/L Trypton  

5 g/L Yeast extract  

7 g/L NaCl  

16 g/L Agar  

MilliQ H2O, pH7.5 

SOC medium 2% Trypton 

0.5% Yeast extract 

10 mM NaCl 

10 mM MgCl2 

10 mM MgSO4 

20 mM Glucose 

 

2.1.10 Viruses 

Table 21 List of viruses 

Virus Description 

HCMV WT HCMV TB40/E-BAC4 (GenBank accession # EF999921.1) 

HCMV UL35stop HCMV TB40/E with an inserted stop cassette at position 228 

within the UL35 ORF (nucleotide position 79145 of the HCMV 

genome), cloned by E. Elbasani (MHH) and B. Chan (HZI) 

SeV Sendai virus, provided by Kendra Bussey, HZI 

 

2.2 Methods 

2.2.1 Molecular biological methods 

2.2.1.1 PCR-based DNA cloning 

All expression constructs generated in this study are listed in Table 16. The gene of interest 

was PCR amplified by standard PCR using Platinum™ SuperFi™ DNA Polymerase (Table 5). 

Amplified products were separated by electrophoreses on 1% agarose gels following 

extraction of the desired band and DNA purification by the NucleoSpin® Gel and PCR Clean-

up kit. The purified PCR product and the designation vector were digested as follows: 

Component PCR product Designation vector 

PCR product or vector 0.5 µg 2 µg 

Fermentas FastDigest Buffer 10 x 3 µL 2 µL 

Fermentas FastDigest Enzyme 1 1 µL 1 µL 

Fermentas FastDigest Enzyme 2 1 µL 1 µL 

Alkaline Phosphatase (1 unit/µL) - 1 µL 

MilliQ H2O ad 30 µL ad 20 µL 

The digestion mix was incubated for 15 minutes at 37 °C and re-purified using the NucleoSpin® 

Gel and PCR Clean-up kit. For ligation, 6.5 µL of the digested PCR product were combined 

with 1 µL digested designation vector, 1x T4 DNA ligase buffer and 0.5 µL T4 DNA ligase (5 

units/µL) and incubated for 20 minutes at RT. The ligation mix was added to 50 µL chemical 
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competent E.coli (DH10B), incubated on ice for 1 hour, followed by 30 seconds heat shock at 

42 °C and 2 minutes on ice. Subsequently, 150 µL SOC medium were added to the bacteria 

and incubated for 1 hour at 37°C under gentle agitation before streaking on LB agar plates 

containing the respective antibiotics. Grown colonies were tested for the presence of the 

introduced plasmid by colony PCR using primers listed in Table 12. Selected colonies were 

used to prepare large scale plasmid DNA using the NucleoBond® Xtra Midi (Table 8) 

according to the manufacturer’s protocol. Cloned expression constructs were fully sequenced 

using the Mix2Seq Kit (Table 8) and tested for expression in HEK293T cells.  

2.2.1.2 Blunt-end cloning 

pMSCV expression constructs were generated by blunt-end cloning. In brief, the template 

containing the gene of interest (pcDNA3.1 UL35 HA, pcDNA3.1 UL35a HA) and the 

designation vector (pMSCV puro) were digested as follows: 

Component pMSCV puro pcDNA3.1 containing insert 

PCR product or vector 2 µg 2 µg 

Fermentas FastDigest Buffer 10 x 2 µL 2 µL 

Fermentas FastDigest HpaI 1 µL - 

Fermentas FastDigest PmeI - 1 µL 

Alkaline Phosphatase (1 unit/µL) 1 µL - 

MilliQ H2O ad 20 µL ad 20 µL 

 

After incubation for 15 minutes at 37 °C, the digested constructs were separated on a 1 % 

agarose gel by electrophoresis and bands matching the calculated size were extracted and 

DNA was purified using the NucleoSpin® Gel and PCR Clean-up kit. The subsequent ligation 

and transformation was conducted as described for PCR-based cloning. Constructs were fully 

sequenced using the Mix2Seq Kit (Table 8) and tested for expression in HEK293T cells. 

2.2.1.3 Q5-based mutagenesis 

Expression constructs generated with the Q5® Site-Directed Mutagenesis Kit are listed in 

Table 16 and were generated according to the manufacturer’s protocol. Primers listed in Table 

10 were designed using the NEBaseChanger™ online tool. Constructs were fully sequenced 

using the Mix2Seq Kit (Table 8) and tested for expression in HEK293T cells.  

2.2.1.4 BAC mutagenesis 

Manipulation of the UL35 open reading frame was carried out by Endrit Elbasani and Baca 

Chan following the two-step en passant mutagenesis protocol as described in (Tischer et al., 

2010). To introduce a stop cassette (GGCTAGTAATAGCCT) at nucleotide position 228 within 

the UL35 ORF -nucleotide position 79145 of the HCMV genome TB40/E-BAC4 GenBank 

accession # EF999921.1 (Sinzger et al., 2008)- primers were designed containing the stop 

codon (bold) and homology sites to UL35 flanking the desired mutation site (underlined). A 
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linear PCR construct was generated using pori6K-RIT (Hammer et al., 2018) as template and 

the following primers:  

UL35stopEPfor:  

5‘GGAGGCCCTGGTGGACTTCCAGGTGCGCAACGCTTTTATGGGCTAGTAATAGCCTAA

GGTAAAGCCCGTGGCCCAgacgcatcgtggccggatctc-3‘ 

UL35stopEPrev:  

5‘TGCAGATACGGATAATCTCCTGGGCCACGGGCTTTACCTTAGGCTATTACTAGCCCAT

AAAAGCGTTGCGCACCTgtgaccacgtcgtggaatgc-3‘.  

HCMV specific sequences are underlined and the stop cassette is shown in bold. The PCR 

product was purified and transformed in electro competent E.coli GS1783 harboring the 

TB40/E-BAC4. Kanamycin-Chloramphenicol-resistant colonies were verified by restriction 

digest of extracted BAC DNA using HindIII. Positive clones were used to remove the 

Kanamycin cassette by inducing the I-Sce recombination. Colonies that were sensitive to 

Kanamycin but resistant to Chloramphenicol were selected and tested by HindIII digestion for 

the removal of the Kanamycin cassette. The resultant HCMV UL35stop BAC was fully 

sequenced by paired-end sequencing using the MiSeq system from Illumina. 

2.2.2 Virological methods 

2.2.2.1 BAC reconstitution 

For virus reconstitution, endotoxin-free HCMV BAC DNA (TB40/E-BAC4 wild type and 

UL35stop) was isolated from E.coli strain GS1783 using the NucleoBond® Xtra Midi EF kit and 

resuspended in 50 µL endotoxin-free H2O. Five µL of the isolated BAC DNA were transfected 

into MRC-5 cells using 2 µL JetPEI transfection reagent. Six to 8 hours post transfection, the 

supernatant was removed and fresh MRC-5 medium was added. Cells were cultivated at 37 

°C until a cytopathic effect was visible in the majority of cells (usually two to three weeks).  

2.2.2.2 Preparation of virus stocks  

2 mL of infectious supernatant from BAC-transfected MRC-5 cells were diluted to 5 mL with 

HFF-1 medium and used to infect 3 x 106 HFF-1 seeded in T25 flasks. Fresh HFF-1 medium 

was added when the medium color turned yellow and approximately 10 days post infection, 

infectious HCMV containing supernatant was 1:2 diluted with fresh HFF-1 medium and used 

to infect two T175 flasks each containing 2 x 107 HFF-1 cells. Approximately 12 to 21 days 

later, the supernatant including cells was removed and centrifuged for 20 minutes at 2 465 x 

g, 4°C to remove cell debris. Supernatant was further subjected to centrifugation at 26 000 x 

g for 3 hours at 4°C to pellet virus. Subsequently, virus particles were layered on a 10% 

Nycodenz cushion and centrifuged at 46 000 x g for 3 hours at 4°C. Purified, pelleted virus 
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was resuspended carefully in 2 mL cold VSB buffer, aliquoted in 50 µL and 20 µL stocks and 

stored at -70 °C. 

2.2.2.3 Plaque assay 

HCMV titers were determined by standard plaque assay on HFF-1 cells. 500 µL containing 

100 000 HFF-1 cells were seeded onto 48-well plates the day before infection. On the following 

day, the medium was exchanged with 100 µL of HCMV virus stocks serially diluted in HFF-1 

medium. Cells were incubated for 3 hours at 37°C prior to addition of 500 µL pre-warmed CMC 

medium. Plaque formation was monitored and counted approximately 14 days post infection. 

Titers were calculated and expressed as PFU/mL and used to calculate the viral dose for 

infection experiments. 

2.2.2.4 Virus infection 

For HCMV infection of cells, the viral dose was calculated based on the multiplicity of infection 

(MOI) using the viral titers determined in the plaque assays: 

Volume of stock virus (mL) = titer (PFU/mL) / number of cells 

For analysis of HCMV protein expression kinetics, 100 000 HFF-1 were seeded onto 24-well 

plates and infected on the next day with either HCMV WT or UL35stop at an MOI of 0.1. To 

enhance infection, cells were centrifuged at 800 x g for 45 minutes at room temperature (RT). 

Afterwards, cells were washed with HFF-1 medium and incubated at 37°C. Whole cell lysates 

were prepared at the indicated time points using 150 µL RIPA buffer containing protease 

inhibitors.  

To perform infections for IFNβ cytokine measurement by MSD multiplex assay, 200 000 HFF-

1 were seeded onto 12-well plates and were mock treated or infected with HCMV WT or 

UL35stop at an MOI of 0.5. Infection was enhanced by centrifugation at 800 x g for 45 minutes 

at room temperature (RT) prior to incubation at 37°C for 2 hours. The infectious supernatant 

was removed, cells were washed once with HFF-1 medium and subsequently 500 µL medium 

were added. At 24 and 48 hours, the complete supernatant was harvested and stored at -70°C 

until the MSD measurement was performed. Additionally, the inoculum was used in parallel to 

perform IE1 titration on fresh HFF-1 cells to control for equal doses of HCMV WT and UL35stop 

in the experiment.  

For measuring IFNβ transcripts, cells were mock treated or infected with HCMV WT or 

UL35stop as described above at an MOI of 0.05 and 0.5 respectively. Infection was enhanced 

by centrifugation and cells were incubated for 4 hours at 37°C prior lysis in 400 µL lysis buffer 

(Analytik Jena).   

For Sendai virus (SeV) infections, 200 000 HFF-1 stably expressing pMSCV ev, pMSCV UL35 

or pMSCV UL35a were seeded onto 12-well plates the day before infection. On the next day, 
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the cells were either mock infected with 500 µL OptiMEM or 10 µL SeV (Sendai egg batch A, 

4096 HA) diluted in 500µL OptiMEM. Cells were incubated for 60 minutes and the supernatant 

was exchanged with fresh HFF-1 medium.  Cells were lysed in 400 µL lysis buffer (Analytik 

Jena) 6 hours post infection to isolate total RNA for RT-qPCR.   

HCMV infection of the human monocytic leukemia cell line THP-1: 200 000 THP-1 cells were 

seeded into 12-well plates with medium containing 100 ng/mL PMA. Seventy two hours later, 

undifferentiated floating cells were removed by washing with THP-1 medium. Fresh medium 

was added to the cells and incubated until the next day. Forty eight hours later, cells were 

mock treated or infected with HCMV WT an MOI of 5, 2, 1, 0.5. For comparison, cells were 

infected with HCMV UL35stop at an MOI of 5. Infection was enhanced by centrifugation at 300 

x g for 30 minutes. Six hours post infection, cells were lysed and total RNA was extracted for 

RT-qPCR analysis. 

HCMV infection of differentiated primary human macrophages: Isolation and differentiation of 

human macrophages was done by Giada Frascaroli, HPI Hamburg, as described in (Bayer et 

al., 2013). Briefly, peripheral blood mononuclear cells (PBMC) were isolated from buffy coats 

of HCMV-seronegative blood donors (tested by Vidas CMV IgG, bioMérieux, France) by 

density gradient centrifugation using FicollTM LSM 1077. Subsequently, PBMC were used to 

isolate monocytes by negative selection with the monocyte isolation kit II (Table 8) according 

to the manufacturer's protocol. M1 and M2 macrophages were obtained by culturing 3 × 106 

monocytes/mL in PBMC supplemented with 100 ng/mL rhGM-CSF and rhM-CSF, respectively, 

for 7 days at 37°C. At day 3, half of the medium was changed and the growth factors 

replenished. Before infection, 800 000 macrophages were resuspended in PBMC medium 

without growth factors and seeded in 12-well plates. Cells were infected with HCMV WT or 

UL35stop at an MOI of 5 and lysed 6 hours post infection for RNA extraction. 

2.2.2.5 Viral growth curve 

To determine viral replication in HFF-1 cells, 500 µL HFF-1 medium containing 35 000 cells 

were seeded onto 48-well plates the day before infection. On the next day, the medium was 

removed and cells were infected with HCMV WT or UL35stop at an MOI of 0.1. 2 hours later, 

the supernatant was removed and washed twice with fresh HFF-1 medium. 500 µL fresh 

medium were added and cells were further incubated at 37°C. The remaining virus inoculum 

was stored at -70°C for the titration. At 0, 3, 5, 7, 9, 11, and 13 days post infection, supernatants 

from individual wells were harvested and stored at -70°C until all time points were harvested. 

The frozen supernatants and inocula were used for immunolabeling the IE1 antigen to 

calculate the HCMV titers as described in 2.2.2.6.  
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2.2.2.6 Immunolabeling for the IE1 antigen 

IE1 immunolabeling was routinely performed to ensure equal input of HCMV WT and UL35stop 

in infection experiments and to determine HCMV titers from growth curve experiments. 5 000 

HFF-1 cells were seeded in 50 µL onto 96-well plates the day before infection. Serial dilutions 

of HCMV virus stocks, growth curve supernatants or inocula were prepared and added to the 

pre-seeded cells. After incubation for 48 hours at 37°C, the cells were washed once with PBS 

and fixed with 150 µL cold 4% PFA in PBS for 10 minutes. Afterwards, the cells were washed 

3 times with PBS and subsequently permeabilized with 150 µL 0.1% Triton X-100 in PBS for 

5 minutes at RT. Cells were washed in PBS and blocked with 150 µL PBS containing 5% FCS 

and 1% BSA for 30 minutes. Next, the supernatant was removed and 150 µL of 1:2 diluted 

anti-IE1 hybridoma supernatant was added. Cells were incubated for 90 minutes, washed 

twice with PBS and immunolabeled with secondary anti-mouse AF488-conjugated antibody for 

60 minutes. Cells were washed twice with PBS and IE1 positive nuclei were counted using an 

IncuCyte S3 (Essen BioSciences). The resulting titers were calculated and expressed as IE1+ 

cells/mL. 

2.2.2.7 Retroviral transduction of primary HFF-1 

 

To produce infectious retroviral particles carrying the gene of interest, 800 000 HEK293T cells 

were seeded onto 6-well plates on day 1. The next day, 380 µL of a Lipofectamine mix 

containing 357 µL OptiMEM and 23 µL Lipofectamine 2000 was combined with 380 µL of a 

plasmid mix containing 1820 ng pMSCV vector, 500 ng VSV-G and 500 ng Gag-pol diluted in 

380 µL OptiMEM. After a 20 minute incubation at RT, 760 µL of the combined Lipofectamine-

plasmid mix were added to the pre-seeded HEK293T cells. On the same day, primary HFF-1 

(from low passage) were seeded onto 6- well plates. On day 3, retrovirus-containing 

supernatant from HEK293T cells was sterile-filtered (0.45 µm) and 2 mL filtered supernatant 

were diluted with HFF-1 medium to a final volume of 2.5 mL. 2.5 µL polybrene [8 mg/mL] were 

added to the diluted supernatant. The HFF-1 medium from the 6-well plate was removed and 

virus-polybrene suspension was added. Cells were centrifuged for 85 minutes at 700 x g at 

RT. Afterwards cells were transferred to 37°C for 3 hours. Virus-medium was removed and 2 

mL fresh HFF-1 medium was added. Infected cells were incubated at 37°C. On day 5, the 

HFF-1 medium was exchanged and selection was started using 2 µg/mL puromycin-containing 

HFF-1 medium. Cells were continuously under selection for two weeks before reducing the 

puromycin concentration to 1 µg/mL.  
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2.2.3 RT-qPCR 

2.2.3.1 ISD stimulation of HFF-1 to activate type I IFN transcription 

To stimulate the cGAS-STING pathway in primary fibroblasts, 200 000 HFF-1 stably 

expressing pMSCV ev, pMSCV UL35 or pMSCV UL35a were seeded onto 12-well plates the 

day before stimulation. Afterwards, 2.5 µL ISD (annealed ISD mix [1mg/mL]) were diluted in 

500 µL OptiMEM. 5 µL Lipofectamine 2000 were added to 1000µL OptiMEM. Subsequently, 

500 µL of the Lipofectamine 2000 mix were added to the ISD mix. For mock treatment, 500 µL 

OptiMEM were added to the remaining 500 µL of the Lipofectamine mix. After 15 minutes of 

incubation at RT, the medium supernatant was removed from the pre-seeded cells and 1 mL 

of the complexed ISD (stimulation) or 1 mL of the Lipofectamine mix was added. Cells were 

incubated for 4 hours until RNA extraction. 

2.2.3.2 RNA preparation, removal of genomic DNA and cDNA synthesis  

Total RNA from cell culture material was prepared using the innuPREP RNA Mini Kit 2.0 

according to the manufacturer’s instructions. Briefly, the cell culture supernatant was removed 

and the cells were lysed in 400 µL of lysis buffer (included in the kit). The extraction was 

performed according to the protocol and RNA was eluted in 50 µL nuclease-free water. The 

RNA yield was measured using the Nanodrop and stored at -70°C.  

Up to 10 µg total RNA were used to remove genomic DNA using the DNA-free™ Ambion kit 

according to the manufacturer’s protocol. Afterwards, the concentration of the cleared RNA 

was determined. cDNA was generated using the iScript cDNA synthesis kit. Briefly, 200 ng 

RNA was added to 20 µL containing 1x RT buffer, 1 µL RT enzyme (for cDNA synthesis) or 1 

µL nuclease-free water (for RT- control). cDNA synthesis was conducted in a thermocycler 

using the following settings: 

5 minutes at 25°C, 20 minutes 46°C, 1 minute at 95°C and hold at 4°C 

Afterwards, 80 µL nuclease-free water were added to the 20 µL cDNA in order to dilute 1:5. 

cDNA was stored at -20°C until qPCR was performed.  

2.2.3.3 qPCR analysis of IFNβ and ISG mRNA transcripts 

RT-qPCR analysis was conducted on a Roche LightCycler® 96 instrument.  To set up the 

reaction, a master mix containing:  

0.4 µL forward primer (0.266 µM) (Table 11) 

0.4 µL reverse primer (0.266 µM) (Table 11) 

4.2 µL H2O  

10µL 2x GoTaq Sybr master mix (Promega) 
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was added to 5 µL of 1:5 diluted cDNA. The qPCR plate was sealed, centrifuged for 2 minutes 

at 2000 rpm and loaded into the Roche LightCycler® 96 instrument. The following settings 

were used for amplification: 

Pre-incubation:  95°C for 600 seconds 

3 step amplification:  50 cycles of [95°C for 10 seconds, 60 °C for 10 seconds,  

                                   72°C for 10 seconds] 

Melting:   95°C for 10 seconds, 65 °C for 10 seconds, ramping up to 97°C 

The relative quantification of mRNA transcripts was calculated using the 2-ΔΔCt method: 

ΔΔCt = (Ctgene of interest stimulated/infected – Cthousekeeping gene stimulated/infected)– (Ctgene of interest mock – Cthousekeeping gene mock) 

2.2.3.4 HCMV genome copy numbers 

To determine the HCMV genome copy number of infected cells or from virus stocks, TaqMAN 

qPCR was performed at the MHH Hannover, Institute for virology. 

The DNA lysis buffer (Table 9) was supplemented with proteinase K (20 µg/mL final 

concentration) just before lysis. Lysis was performed as described below: 

For virus stock: 10 to 20 µL of virus stock were lysed in a total volume of 200 µL DNA lysis 

buffer 

For infected cells: 200 000 HFF-1 from a 12-well plate were lysed in 200 µL of DNA lysis buffer 

Lysates were incubated overnight at 56°C with shaking (800 rpm) and vortexed thoroughly 

after incubation period. Subsequently, the samples were centrifuged at 17 000 x g for 5 minutes 

and 180 µL of the cleared supernatant was transferred to a fresh tube. Next, 180 µL 

isopropanol was added, thoroughly mixed and centrifuged at 17 000 x g for 5 minutes. The 

supernatant was removed and the precipitated DNA pellet was dried for 15 minutes. The pellet 

was re-suspended in 300 µL nuclease-free water and stored at 4°C. Samples were diluted 

(e.g. 1:100) and sent to the institute for virology at the MHH for RT-qPCR.  

To calculate the HCMV copies/mL, values from the results summary table (report that was 

received from the MHH) were divided by 50 to remove the MHH-specific dilution factor. To 

include the individual preparation factor, values were multiplied with the sample preparation 

factor and the dilution:  

(1000 µL / A) x (B µL / 10) = sample preparation factor   

A… µL of sample that was lysed; B … volume of water for DNA resuspension 

2.2.4 Luciferase reporter assays 

25 000 HEK293T cells were seeded per well in 96-well plates and luciferase assays were 

performed as described below:  
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IFNβ Luciferase reporter: 

cGAS-STING assay: HEK293T cells were transiently transfected with 120 ng plasmid of 

interest or empty vector (pcDNA3.1+), 60 ng of pEFBOS-cGAS (stimulated) or pIRES2-GFP 

(unstimulated), 60 ng pEFBOS-mCherry-STING, 100 ng pGL3basic IFNβ‐Luc, 10 ng pRL-TK 

and 1.2 μL of Fugene HD diluted in a total volume of 10 µL Opti-MEM. 

MAVS assay: HEK293T cells were transiently transfected with 5 ng pFlag-CMV2-MAVS 

(stimulated) or pcDNA3.1+ (unstimulated) together with 100 ng pGL3basic IFNβ‐Luc, 10 ng 

pRL‐TK, and 50 ng plasmid of interest complexed with 0.6 μL FuGENE HD in 10 µL Opti-MEM. 

RIG‐I N: HEK293T cells were transiently transfected with 13 ng pCAGGS Flag‐RIG‐I N 

(stimulated) or pcDNA3.1+ (unstimulated) together with 50 ng pGL3basic IFNβ‐Luc, 5 ng pRL‐

TK, and 130 ng plasmid of interest complexed with 0.66 μL FuGENE HD in 10 µL Opti-MEM. 

TBK1 assay: HEK293T cells were transiently transfected with 100 ng pcDNA3‐FLAG‐TBK1 or 

100 ng pIRES2‐GFP (unstimulated), 100 ng pGL3basic IFNβ‐Luc, 10 ng pRL‐TK, 120 ng 

plasmid of interest, and 1 μL FuGENE HD diluted in 10 µL OptiMEM. 

IRF3-5D: HEK293T cells were transiently transfected with 120 ng plasmid of interest, 60 ng of 

IRF3-5D (stimulated) or pIRES2-GFP (unstimulated), 100 ng pGL3basic-IFNβ-Luc, 10 ng pRL-

TK and 1 μL of Fugene HD diluted in 10 µL Opti-MEM. 

Cells from cGAS-STING, RIG-I N, MAVS, TBK1 and IRF3-5D reporter assays were lysed in 1 

x passive lysis buffer (PLB) (Promega) 20 hours post transfection. 

NFκB luciferase reporter: 

cGAS-STING assay: HEK293T cells were transiently transfected with 120 ng plasmid of 

interest or empty vector (pcDNA3.1+), 60 ng of pEFBOS-cGAS (stimulated) or pIRES2-GFP 

(unstimulated), 60 ng pEFBOS-mCherry-STING, 100 ng pNF-κB-Luc, 20 ng pRL-TK, 80 ng 

pcDNA3.1+ and 1.2 μL of Fugene HD diluted in a total volume of 10 µL Opti-MEM. 

RIG‐I N: HEK293T cells were transiently transfected with 14.5 ng pCAGGS Flag‐RIG‐I N 

(stimulated) or pcDNA3.1+ (unstimulated) together with 12.5 ng pNF-κB-Luc, 25 ng pRL‐TK, 

and 148 ng plasmid of interest complexed with 0.7 μL FuGENE HD in 10 µL Opti-MEM. 

p65: HEK293T cells were transiently transfected with 10 ng pEGFP-p65 (stimulated) or 

pcDNA3.1+ (unstimulated) together with 10 ng pNF-κB-Luc, 10 ng pRL‐TK, and 200 ng 

plasmid of interest complexed with 0.76 μL FuGENE HD in 10 µL Opti-MEM. 

TNFα: HEK293T cells were transiently transfected with 190 ng plasmid of interest or 

pcDNA3.1+, 5 ng pNF-κB-Luc, 5 ng pRL-TK and 0.7 μL of Fugene HD diluted in Opti-MEM. 
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16 hours post transfection, cells were stimulated with 10 ng/mL recombinant human TNFα 

(Table 4) or mock stimulated and lysed 24 hours later in 1 x PLB.  

ISG56 luciferase reporter: 

IFNβ/ISG56 assay: HEK293T cells were transiently transfected with 120 ng plasmid of interest 

or pcDNA3.1+, 100 ng pGL3basic-ISG56-Luc, 10 ng pRL-TK and 0.8 μL of Fugene HD diluted 

in Opti-MEM. 24 hours post transfection, cells were stimulated with 0.1 ng/mL recombinant 

human IFNβ (Table 4) or mock stimulated and lysed 16 hours later in 1 x PLB. 

Luciferase production was measured with the dual-luciferase reporter assay system 

(Promega) and a Tecan Infinite® 200 Pro microplate luminometer (Tecan). Luciferase fold 

induction was calculated by dividing Renilla-normalized values from stimulated samples by the 

corresponding values from unstimulated samples. 

2.2.5 siRNA knockdown 

For reverse transfection, 15 000 HEK293T cells were combined with 50 nM siRNA complexed 

with 0.3 µL Lipofectamine 2000 and seeded onto 96-well plates. 48 hours later, cells were 

transfected for luciferase reporter assays as described and luciferase activity was measured 

20 hours later. The following siRNAs were obtained from Dharmacon: ON-target plus non-

targeting pool (#D-001810-10-05), SMARTpool siGENOME human OGT (#M-019111-00-

0005), SMARTpool siGENOME human DCAF1 (#M-021119-01-0005), SMARTpool 

SiGENOME human DDA1 (#M-014277-01-0005), SMARTpool SiGENOME human DDB1 

(#M-012890-02-0005), SMARTpool siGENOME human CUL4A (#M-012610-01-0005). 

2.2.6 Protein biochemical assays 

2.2.6.1 Generation of a UL35-specific monoclonal antibody  

For production of the mouse monoclonal anti-UL35 antibody, the section of UL35 

corresponding to aa 465-641 of the UL35 ORF was subcloned by me from pcDNA4 UL35- 

myc/His into pET-28c (Novagen) using PCR primers #1056 and #1057 and NotI/BamHI 

restriction sites. The sequence-verified plasmid DNA was sent to Vanda Juranic Lisnic 

(University of Rijeka) to express and purify recombinant protein and to immunize mice with it. 

Recombinant protein was expressed in E. coli strain BL21 (DE3) via IPTG induction. 

Immunization of mice and generation of hybridoma cultures was performed by V. Juranic Lisnic 

as reported previously (Yokoyama et al., 2013). Specificity of antibodies was validated by 

ELISA on UL35 peptide used for immunization versus irrelevant His-tagged peptide by our 

collaboration partner. Next, hybridoma supernatants were tested by me on UL35 expressing 

cell lysates by immunoblotting, immunoprecipitation and immunofluorescence. Selected 

clones were purified from hybridoma supernatants by Vanda Juranic Lisnic using protein G 

columns (GE Healthcare) on Äkta Prime Plus. 
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2.2.6.2 Stimulation for immunoblotting assays 

To analyze the phosphorylation states of proteins within the TBK1-STING-IRF3 axis, 100 000 

HFF-1 pMSCV ev, pMSCV UL35 or pMSCV UL35a were seeded into 24-well plates. On the 

next day, cells were mock treated or infected with HCMV UL35stop at an MOI of 0.1 with 15 

min centrifugation at 700 x g, and RT. Cells were further incubated for 30 minutes before the 

supernatant was replaced with fresh HFF-1 medium. Cells were lysed in 150 µL RIPA 

dimerization lysis buffer including protease- and phosphatase inhibitors at the indicated time 

points and subjected to BCA protein quantification and SDS-PAGE.  

For ISD stimulation, cells were seeded as described above and either Lipofectamine 2000 

containing OptiMEM was added (unstimulated control) or 10 µg/mL ISD complexed with 

Lipofectamine 2000 in OptiMEM. Cells were lysed at indicated time points, subjected to BCA 

protein quantification and separated by SDS-PAGE. 

2.2.6.3 Fractionation 

200 000 HFF-1 were seeded onto 12-well plates and infected the next day with HCMV WT or 

UL35stop at an MOI of 0.5. Infection was enhanced by centrifugation for 45 min at 800 x g, 

RT. Afterwards, cells were washed with HFF-1 medium and incubated at 37°C. At the indicated 

time points, cells were scraped with 300 μL cold PBS, collected in tubes, and centrifuged at 10 

416 x g for 10 seconds at 4°C. Pellets were lysed with 300 μL ice-cold 0.1% NP-40 in PBS. 45 

μL of the lysate were removed and combined with 15 μL of 4x SDS sample buffer and 

designated as the whole cell lysate (WCL). The remaining lysate was centrifuged at 16 873 x 

g for 10 seconds at 4°C and 45 μL of supernatant were added to 15 μL 4x SDS loading buffer 

and designated as the cytosolic fraction (C). The pellet was washed twice with 300 μL 0.1% 

NP-40 in PBS followed by centrifugation at 16 873 x g for 10 seconds at 4°C. The pellet was 

resuspended in 30 μL of 1x SDS loading buffer (diluted from 4x SDS loading buffer in PBS) 

and designated as the nuclear fraction (N). WCL and N fractions were sonicated at 4°C using 

a Bioraptor device at high power settings (30 sec on/30 sec off, 6 cycles). For immunoblotting, 

10 μL of the WCL and C fractions and 5 μL of the N fraction were loaded per lane on a 10% 

SDS gel. 

2.2.6.4 Co-IP 

For co-immunoprecipitation (co-IP) experiments, 850 000 HEK293T cells were seeded in 6-

well plates one day before transfection. The next day, 3 µg total plasmid DNA was diluted in 

100 µL PBS. Similarly, 12 µL PEI was diluted in 100 µL PBS. Following, the PEI-PBS mix was 

added to the plasmid DNA mix and incubated for 20 minutes at RT prior drop wise addition to 

the pre-seeded cells. 24 hours post transfection, cells were lysed in 500 µL IP lysis buffer 

freshly supplemented with protease inhibitors and incubated for 3 hours at 4°C on a rotator. 

The lysate was centrifuged at 17 000 x g, 4°C for 10 minutes and the supernatant was 
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transferred to a new tube. Equilibrated protein A beads were prepared by washing the beads 

twice in PBS and once in IP lysis buffer following centrifugation at 2000 x g, at 4°C. 10% of the 

lysate was used as input control, and the remaining lysate was pre‐cleared with 100 µL 

equilibrated protein A agarose beads for 1 hour. Cleared lysates were then incubated overnight 

with respective antibodies at 4°C before addition of 10 µL equilibrated protein A agarose beads 

for 1 hour. Beads were washed 7 times with 1 mL IP lysis buffer and bound protein was eluted 

by heating samples in 35 µL 2x SDS loading buffer (diluted from 4x SDS loading buffer in MilliQ 

H20). Input lysates and IP samples were then analyzed by immunoblotting. 

For co-IP experiments performed with HFF-1, cells were left untreated or stimulated by 

transfection of 10 µg/mL poly(I:C) complexed with Lipofectamine 2000. Four hours later, cells 

were washed with PBS, pelleted in 1.5 mL tubes and snap-frozen in liquid nitrogen. Afterwards, 

cell pellets were thawed on ice for 1 hour and lysed in 500 µL TAP lysis buffer- II for 30 minutes. 

The lysate was centrifuged at 17 000 x g, 4°C for 10 minutes and the supernatant was 

transferred to a new tube. 10% of the lysate was used as input control, and 20 µL 50% slurry 

of TAP lysis buffer I- equilibrated HA-agarose beads were added to the remaining IP fraction. 

The lysate was incubated at 4°C on a rotator for 2 hours before beads were washed 7 times 

with 1 mL TAP lysis buffer. The bound protein was eluted by heating the samples in 35 µL 2x 

SDS sample buffer (diluted from 4x SDS loading buffer in MilliQ H20). Input lysates and IP 

samples were then analyzed by immunoblotting. 

2.2.6.5 Immunoblotting 

For immunoblotting of luciferase assay lysates, 20 µL of stimulated samples were boiled for 

10 minutes at 95°C in 1x SDS loading buffer (diluted from 4x SDS loading buffer in MilliQ H20). 

Afterwards, lysates were centrifuged for 10 minutes at 17 000 x g and subjected to SDS-PAGE.  

For immunoblotting of HCMV viral particles, 5 x 104 PFU from purified virus preparations were 

heated in 1x SDS loading buffer (10 minutes at 95°C) and separated by SDS-PAGE.  

Cleared cell lysates were loaded onto self-casted SDS polyacrylamide gels (5% SDS stacking 

gel and 10% SDS separation gel) and separated by electrophoresis at a constant current of 

20 mAh per gel. Next, proteins were immunoblotted onto a nitrocellulose or PVDF membrane 

by wet transfer at 350 mAh for 1 hour. Afterwards, membranes were blocked by incubation in 

5% milk blocking solution or 5% BSA in TBS-T for 1 hour at RT. Primary antibodies were diluted 

in TBS-T containing 5% milk or 5% BSA as described in Table 6 and membranes were 

incubated as described (Table 6). Subsequently, membranes were washed 3 times with TBS-

T buffer and further incubated with specific secondary antibodies coupled to HRP as described 

in Table 7. Finally, membranes were washed 3 times with TBS-T buffer, developed with Lumi-

Light or SuperSignal West Femto chemiluminescence substrates and imaged on a ChemoStar 

ECL Imager (INTAS).  
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2.2.6.6 Immunofluorescence 

50 000 U-2 OS cells were seeded on acid washed glass cover slips in 24-well plates. The next 

day, transfection was performed by addition of 500 ng plasmid DNA complexed with 1 µL 

Lipofectamine 2000 diluted in Opti-MEM. Cells were incubated at 37°C, 7 Vol% CO2 for 24 

hours. Afterwards, the supernatant was aspirated and cells were fixed by the addition of 400 

µL 4% PFA pre-warmed to 37°C for 20 minutes. Cells were washed 3 times for 5 minutes with 

PBS, inactivated with 50 mM NH4Cl for 10 minutes and washed again 3 times with PBS. 

Subsequently, cells were permeabilized for 10 minutes by the addition of 200 µL 0.4% Triton 

X-100 in PBS and washed 3 times with PBS. Next, cells were blocked by the addition of 50 µL 

4% BSA in PBS for 1 hour, primary antibodies were diluted in 4% BSA in PBS as described in 

Table 6, added to the cells and incubated for 1 hour. Afterwards, cells were washed with PBS 

3 times. Secondary antibodies were diluted in 4% BSA in PBS as described in Table 7 and 

Hoechst dye was added to the solution diluted 1:500. Cells were immunolabeled for 45 minutes 

at RT in the dark in a humid atmosphere. Afterwards, coverslips were washed 3 times with 

PBS and embedded in 7.5 µL Prolong Gold on glass microscope slides.  

HFF-1 stably expressing pMSCV ev, pMSCV UL35 HA or pMSCV UL35a HA were seeded on 

glass cover slips in 24-well plates (40 000 cells per well) one day before immunolabeling. Next, 

the medium was removed and cells were processed as described above for U-2 OS cells. For 

immunolabeling, rabbit anti-HA (C29F4) was added (1:1800 diluted in blocking solution) and 

incubated for 1 hour at RT (Table 6). Labeled cells were washed 3 times with PBS prior to 

addition of diluted secondary antibody (Table 7) and Hoechst. After 1 hour of incubation at RT 

in the dark, cells were washed with PBS and embedded in 7.5 µL Prolong Gold. 

For imaging of HCMV-infected cells, 20 000 HFF-1 cells were seeded on ibidi µ-slide plastic 

chambers one day before infection. The next day, cells were infected with either HCMV WT or 

HCMV UL35stop at an MOI of 5 for 90 minutes at 37°C. Infectious supernatant was removed, 

cells were washed with fresh HFF-1 medium and incubated for the remaining time at 37 °C, 7 

Vol% CO2. At the indicated time points post infection, cells were fixed with PFA and 

immunolabeled as described above. Primary antibodies against mouse anti-UL35 (hybridoma 

supernatant UL35A.03 diluted 1:2 in blocking solution) and rabbit anti-UL82 (1:500 diluted in 

blocking solution) were used for immunolabeling. After 1 hour incubation, cells were washed 

and labeled with a combination of the secondary anti-mouse AF488 and anti-rabbit AF647 

including Hoechst for 45 minutes. Afterwards, cells were washed with PBS and imaged in PBS 

without embedding in Prolong Gold. 

Images were acquired on a Nikon ECLIPSE Ti‐E‐inverted microscope equipped with a 

spinning disk device (Perkin Elmer Ultraview). For z-stacks, the integrated piezo drive was 

used in 5 µm steps. Images including 3D reconstruction were processed using Volocity 

software (version 6.2.1 and 6.5.1, Perkin Elmer). 
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2.2.6.7 Mass spectrometry 

For AP-MS analysis, 3 x 106 HFF-1 stably expressing pMSCV ev, pMSCV UL35 or pMSCV 

UL35a were seeded in 15 cm cell culture dishes. For proteomic analysis, 1 x 106 HFF-1 stably 

expressing pMSCV ev, pMSCV UL35 or pMSCV UL35a were seeded in 15 cm cell culture 

dishes. Cells were left untreated or were stimulated by transfection of 10 µg/mL poly(I:C) 

complexed with Lipofectamine 2000. Four hours later, cells were washed twice with cold PBS 

and harvested by scraping. Cells were pelleted by centrifugation (300 x g, 5 minutes), shock 

frozen in liquid nitrogen and kept at -80°C until analysis. All samples were generated in 

quadruplicates by me. The following steps were conducted during the secondment at the MPI 

Munich together with Virginie Girault.  

Proteomic analysis: 

Cell pellets were thawed on ice for 30 minutes and 60 µL 10x guanidinium choride buffer were 

added for an additional 30 minutes. Samples were heated at 99°C for 15 minutes with gentle 

agitation (500 rpm) and sonicated for 5 minutes at 4°C and high frequency (Bioruptor). After 

centrifugation at 15 000 x g for 30 minutes at 4°C, the protein concentration was determined 

in the supernatant fraction. 50 µg protein were used and resuspended in 20 µL of 0.1 M Tris-

HCl pH 8. Proteins were digested into peptides with 1 µg LysC for 3 hours at 37°C and 0.5 µg 

Trypsin overnight at 30°C. Peptides were purified and concentrated on stage tips with three 

C18 Empore filter discs (3M) and analyzed by mass spectrometry as described before (Hubel 

et al., 2019). Briefly, proteomes were measured via LC-MS/MS, using an EASY- nLC 1200 

system (Thermo Fisher Scientific) coupled to a LTQ-Orbitrap XL mass spectrometer (Thermo 

Fisher Scientific).  

AP-MS analysis: 

Cell pellets were thawed on ice for 60 minutes before 800 µL TAP lysis buffer- II were added. 

Lysates were incubated for additional 30 minutes and sonicated for 5 minutes at 4°C with high 

frequency (Bioruptor). Lysates were cleared by centrifugation at 15 000 x g for 30 minutes at 

4°C, the supernatant was transferred to a new 1.5 mL tube and the protein concentration was 

determined using the NanoDrop spectrometer. 40 µL of Pierce protein HA beads, equilibrated 

in TAP lysis buffer- I, were added to the lysate containing 16.25 mg total protein and incubated 

for 2 hours at 4°C. Beads were washed 3 times with 1.2 mL TAP wash buffer and ultimately 

resuspended in 20 µL 1x guanidinium chloride buffer. Subsequently, 20 µL of LysC (0.5 µg) 

were added and incubated for 3 hours at 37°C. Afterwards, peptides were further digested with 

160 µL of Trypsin (0.5 µg) at 30°C overnight. The next day, 50 µL 5x stagetip loading buffer 

were added, samples were centrifuged at 10 000 rpm and supernatant was used to purify 

peptides with stage tips as described for the proteomic analysis. 
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Peptides were loaded on a 20 cm reverse-phase analytical column (75 μm column diameter; 

ReproSil-Pur C18-AQ 1.9 μm resin; Dr. Maisch) and separated using a 120 minutes acetonitrile 

gradient. Raw files were processed by V. Girault using MaxQuant version 1.6.0.15 with label-

free quantification (LFQ) and Match between Runs options as described before (Hubel et al., 

2019). Using Perseus version 1.6.0.7., protein groups were filtered for reverse identification, 

modification site only identification, MaxQuant contaminants list and if not identified in three 

over four technical replicates in at least one condition. Significant protein expression changes 

between UL35- and UL35a- expressing cells and their corresponding empty vector control 

were determined by a two-sided Student’s t-test (S0 = 0.1) and corrected for multiple 

hypothesis testing using permutation-based FDR statistics (FDR = 0.05, 250 permutations). 

2.2.6.8 MSD Multiplex assay 

Supernatants from infected HFF-1 cells were harvested 24 hours and 48 hours post infection 

by me and sent to Janssen where Elisa Rossetti and I performed the cytokine analysis during 

the secondment at Janssen. One set of repeats was measured by E.R. alone. Secreted IFNβ 

and IFNλ1 were analyzed using the U-Plex human interferon combo kit (Meso Scale Discovery, 

MSD #K15094K) according to the manufacturer’s protocol. The plates were analyzed on a 

MESO™ Sector 600 using Discovery workbench 4.0.  
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3 Results 

3.1 Rationale for the characterization of the HCMV proteins UL35 and UL35a 

Human cytomegalovirus strictly infects the human host and shows perfect adaptation to the 

antiviral milieu created by the human immune system. After the initial lytic infection, HCMV 

overcomes the various defense strategies and persists life-long in a latent stage mainly in cells 

derived from the monocytic lineage. In the acute phase of infection, HCMV enters epithelial 

cells, endothelial cells but also monocytes and induces a rapid antiviral defense program 

triggered by the innate immune system. Intracellular PRRs sense foreign patterns derived from 

the incoming virus in form of nucleic acids and induce signaling cascades that activate the 

transcription of type I IFNs and anti-inflammatory cytokines. It is well known that HCMV evolved 

several tools to circumvent the initial sensing and activation of type I IFNs for the successful 

establishment of life-long infection. 

To address the question how CMV so efficiently modulates the initial antiviral host response, 

a luciferase-based reporter screen was conducted by former group members with a murine 

CMV library. Subsequently, the MCMV tegument protein M35 was identified as a novel 

interferon antagonist (Chan et al., 2017). Tegument proteins are incorporated into the viral 

tegument layer. Therefore, they can function as soon as the virus entered the host cell, without 

the need to be first transcribed and translated. Hence, tegument proteins are efficient tools to 

counteract the first antiviral response. It was shown that M35 translocates immediately after 

infection to the nucleus and blocks interferon transcription in the mouse model. To investigate 

whether HCMV uses a similar strategy to modulate the human host response, we 

characterized the M35 homologue in HCMV. Protein sequence alignments identified the 

HCMV protein UL35 as the homologue of M35 (Chee et al., 1990; Rawlinson et al., 1996). 

Although the amino acid identity is relatively low (25%), the three-dimensional protein structure 

could be similar. UL35 was first described in 2002 and, as M35, was found to be incorporated 

in the tegument layer (Y. Liu & Biegalke, 2002). In contrast to M35, the UL35 ORF encodes 

for a second protein, UL35a, which is not incorporated into the tegument layer. UL35a is 

translated from an internal start codon within the same reading frame and results in a 21 kDa 

protein identical to the C-terminus of UL35 (Figure 7A). This study aimed to characterize the 

HCMV proteins UL35 and UL35a for their potential to modulate the type I IFN upon PRR 

stimulation.  

3.1.1 UL35 and UL35a downmodulate IFNβ signaling downstream of multiple PRRs 

To investigate whether UL35 and UL35a inhibit the type I IFN response, expression constructs 

of UL35 and UL35a were tested in the previously established dual-luciferase reporter assay. 

The UL35 and UL35a expression constructs were originally cloned by Baca Chan using the 
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HCMV Merlin BAC as template (Table 15). As already mentioned in the introduction of UL35 

and UL35a (section 1.7.8), a recent ribosome profiling study revealed two isoforms of UL35a 

that are translated from different start codons and showed different expression kinetics. In this 

study, we have worked with the “shorter” (177 aa) isoform of UL35a. This isoform was reported 

to be expressed with early and late kinetics which is in line with previous studies on UL35a (Y. 

Liu & Biegalke, 2002; Stern-Ginossar et al., 2012). However, the longer, 194 aa isoform of 

UL35a (designated UL35a long) was also cloned to compare its function to the shorter 177 aa 

UL35a (designated UL35a) in a luciferase screen. To verify that a C-terminal HA protein tag 

would not influence the function of the proteins, untagged UL35 and UL35a (177 aa and 194 

aa form) were included in the first experiment. The 812 bp IFNβ luciferase reporter contains 

the upstream promoter binding sites for STAT1, ATF/c-Jun, IRF and NFκB of the murine IFNβ 

gene which can be used to investigate whether a gene of interest affects the transcriptional 

activation of IFNβ. To conduct the assay, empty vector (ev), UL35 or UL35a (HA tagged and 

untagged, long and short isoform) were co-transfected together with expression plasmids 

encoding cGAS (stimulated) or  IRES-GFP (unstimulated), STING, IFNβ-luciferase and Renilla 

luciferase (TK-Renilla) into HEK293T using FuGene HD as transfection reagent. Twenty hours 

post transfection (hpt.), cells were lysed and the activity of the luciferase reporters for IFNβ 

and Renilla was measured in the luminescence plate reader. Values were normalized to the 

constitutively active Renilla reporter and the IFNβ luciferase fold induction was calculated.  

Figure 8 UL35 and both variants of UL35a inhibit IFNβ transcription downstream of cGAS-STING. (A) 

HEK293T cells were co-transfected with a reporter plasmid coding for firefly luciferase under the control of the 

murine IFNβ promoter (IFNβ-Luc) together with a Renilla luciferase control (pRL-TK). In addition, expression 

plasmids for IRES-GFP (unstimulated) or cGAS-GFP (stimulated), Cherry-STING, and either empty vector (ev), 

HA-tagged UL35, UL35a, UL35a long or untagged UL35, UL35a, UL35a long were co-transfected. 20 hours later, 

cells were lysed and the luciferase reporter activity was measured. Values were normalized against Renilla activity 

and the IFNβ fold induction was calculated from stimulated and unstimulated samples. Duplicate values of one 

representative experiment are shown as mean ±SD. n= 2 (B) Luciferase samples from (A) were separated by SDS-

PAGE and immunoblotted using a UL35-specific mouse monoclonal antibody. 

Transfection of cGAS and STING into HEK293T cells reconstituted the absent cGAS-STING 

pathway in these cells and stimulated transcription of the IFNβ reporter (Figure 8A). As 
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expected, the IFNβ reporter was strongly induced in ev control transfected cells. The 

expression of HA-tagged UL35 reduced the IFNβ reporter activity by 40% compared to the ev 

control. In presence of UL35a, IFNβ transcription was downmodulated by 80%. UL35a long 

reduced the IFNβ activity to a similar extent. We observed comparable results for the untagged 

versions of the UL35 and UL35a proteins, suggesting that the tag did not interfere with the 

antagonistic function. These results show that UL35 and UL35a downmodulate IFNβ 

transcription in a luciferase reporter assay upon cGAS-STING stimulation. To verify the 

expression of UL35 and UL35a, whole cell lysates from the luciferase assay were subjected 

to SDS-PAGE and immunoblotted with an UL35a-specific antibody recognizing all constructs 

that we have used (Figure 8B). As expected, no signal was found in the ev-transfected cells. 

UL35 HAHA was detected at approximately 75 kDa whereas the untagged equivalent showed 

a slightly smaller size as expected because the HA-tag adds 18 aa (approx. 2 kDa) more to 

the total protein length. UL35a HAHA had an apparent molecular weight of 25 kDa and UL35a 

long HAHA was slightly bigger. The untagged UL35a constructs were detected at smaller sizes 

compared to their tagged equivalents. In summary, all UL35 and UL35a constructs were 

successfully expressed in the HEK293T cells and their size corresponded to the predicted 

protein size. As the HA-tag was not interfering with the protein function and did not negatively 

affect the protein expression, we further worked with the HA-tagged proteins (if not explicitly 

stated otherwise) because of their broader usability.  

Next, the antagonistic capacity of UL35 and UL35a was assessed upon stimulation of 

additional PRRs. The well-established dual-luciferase assay can be used to measure IFNβ 

activation upon selective stimulation by overexpression of the respective PRR-pathway 

components. Using this method, we next tested the function of UL35 and UL35a downstream 

of the cytosolic DNA sensor cGAS and the RNA sensor RIG-I. We also tested the effect 

downstream or at the level of the RIG-I adaptor protein MAVS. Transfection of TBK1 stimulated 

the pathway at the level of TBK1 which is downstream of both PRRs. Expression of the 

constitutively active IRF3-5D mutant induced IFNβ at the level of IRF3 (Figure 9). In addition, 

the IFN antagonist M35 was included in the assays to verify the results.  

cGAS-STING stimulation 

In line with Figure 8A, transfection of cGAS-STING resulted in the downmodulation of the IFNβ 

reporter in the presence of UL35 and UL35a (Figure 9A). As expected, M35 inhibited the 

activation of IFNβ to comparable levels as UL35a.  

RIG-I stimulation 

For the RIG-I assay, a constitutively active mutant of RIG-I comprising only the N-terminal 

CARD domains (RIG-I N), was co-transfected together with either ev, UL35, UL35a or M35 

and IFNβ-luciferase and RK-Renilla into HEK293T cells. Transfection of RIG-I N together with 
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ev induced a potent IFN response showing that the active RIG-I N is sufficient to activate the 

pathway (Figure 9B). Compared to the ev control, the presence of UL35 inhibited activation 

of the reporter by 75%. UL35a inhibited the reporter activity by 52% which was comparable to 

M35. These results suggest that UL35 and UL35a downmodulate IFNβ transcription 

downstream of cGAS-STING and RIG-I, which reflects the function of M35.  

MAVS stimulation 

To further investigate the mode of action of UL35 and UL35a downstream of RIG-I, its adaptor 

MAVS (stimulated) or ev (unstimulated) was transfected together with ev, UL35, UL35a or 

M35, IFNβ-luc and TK-Renilla in HEK293T cells (Figure 9C). Similar to the cGAS-STING 

assay, UL35 showed a downmodulation of the IFNβ reporter by 54%. UL35a reduced the 

reporter by 84% and M35 by 77%. This suggests that UL35 and UL35a are acting downstream 

of the adaptor proteins STING and MAVS to antagonize type I IFN transcription.  

TBK1 stimulation 

Both pathways (cGAS-STING and RIG-I-MAVS) converge at the level of the effector kinase 

TBK1 which facilitates the activation and dimerization of the transcription factor IRF3. To test 

for a potential antagonistic function against TBK1, TBK1 (stimulated) or ev (unstimulated), 

IFNβ-luciferase and TK-Renilla were co-transfected together with either ev, UL35, UL35a or 

M35 (Figure 9D). Overexpression of TBK1 induced a strong activation of the IFNβ reporter in 

control cells. Interestingly, UL35 strongly reduced the activation by 88%, similar to the 

downmodulation in M35-expressing cells (92%). In addition, expression of UL35a completely 

prevented the activation of the reporter.  

IRF3 stimulation 

As UL35 and UL35a inhibited IFNβ transcription effectively at the level of TBK1, their activity 

downstream of TBK1 was tested. A phosphomimetic, and therefore constitutively active, 

mutant of IRF3 (IRF3-5D) (stimulated) or ev (unstimulated) was transfected together with IFNβ-

luciferase and TK-Renilla reporters and either ev, UL35, UL35a or M35 into HEK293T cells 

(Figure 9E). As expected, cells expressing M35 antagonized the IFNβ response upon IRF3-

5D stimulation. In contrast to M35, overexpression of UL35 did not downmodulate the activity 

of the IFNβ reporter, whereas UL35a inhibited the IFNβ induction by 65% compared to ev 

control cells.  

In summary, UL35 antagonized the IFNβ response downstream of cGAS, RIG-I, MAVS, and 

TBK1, but not of IRF3-5D, whereas UL35a also antagonized downstream of IRF3-5D. This 

suggests that UL35 and UL35a act at different levels in the PRR pathway and that UL35 does 

not completely recapitulate the function of its homologue M35.  
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Figure 9 UL35 and UL35a downmodulate IFN transcription downstream of multiple PRRs. HEK293T cells 

were transfected with expression constructs of IRES-GFP (unstimulated) or cGAS-GFP (stimulated) and STING 

(A), RIG-I N (stimulated) or ev (unstimulated) (B), MAVS (stimulated) or ev (unstimulated) (C), TBK1 (stimulated) 

or ev (unstimulated) (D) or IRF3-5D (stimulated) or ev (unstimulated) (E). In addition, cells were co-transfected with 

IFNβ-Luc, pRL-TK and either ev, HA-tagged UL35, HA-tagged UL35a or V5-tagged M35. 20 hours later, cells were 

lysed, the luciferase reporter activity was measured and the IFNβ fold induction was calculated. Shown are mean 

values from biological duplicates of 3 experiments ±SD. 

3.1.2 UL35 and UL35a downmodulate NFκB-mediated transcription  

In the previous results section the ability of UL35 and UL35a to interfere with IFNβ transcription 

was tested. The transcriptional activation of IFNβ needs the binding of the aforementioned 

transcription factors (STAT1, ATF/c-Jun, IRF and NFκB) to the upstream promoter region. As 

a result, the type I IFN IFNβ is produced and establishes an antiviral state. However, many 

pro-inflammatory cytokines such as IL-6, TNF, and IL-2 are produced upon PRR signaling as 

well, and their transcription depends on the transcription factor NFκB. For this reason, we 
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investigated whether the activation of NFκB is affected by the presence of UL35 or UL35a. To 

address this question, an NFκB luciferase reporter containing five NFκB-binding sites 

upstream of the luciferase gene was used. First, cGAS and STING together with the NFκB 

luciferase reporter and the Renilla control and either ev, UL35, UL35a or M35 were transfected 

into HEK293T cells (Figure 10A). Overexpression of cGAS-STING in ev control cells induced 

NFκB-mediated activation of transcription (Figure 10A). Similar to the IFNβ reporter assay 

(Figure 9A), the expression of UL35 decreased NFκB reporter activity by 53%, whereas UL35a 

inhibited by 95% compared to ev control (Figure 10A). As expected, M35 validated the assay 

and showed a downmodulation of 85% compared to the ev control (Figure 10A).   

 

Figure 10 UL35 and UL35a downmodulate cGAS and RIG-I-mediated NFκB activation. HEK293T cells were 

transfected with either IRES-GFP (unstimulated) or cGAS-GFP (stimulated) and STING (A) or ev (unstimulated) or 

RIG-I N (stimulated) (B). Additionally, a firefly luciferase reporter with five NFκB binding sites (NFκB-Luc) together 

with pRL-TK were co-transfected with either ev, HA-tagged UL35, HA-tagged UL35a or V5-tagged M35. 20 hours 

later, cells were lysed and the luciferase reporter activity was measured. Values were normalized against Renilla 

activity and the NFκB fold induction was calculated from stimulated and unstimulated samples. Shown are values 

from 3 experiments as mean ±SD. 

Next, the antagonistic ability of UL35 and UL35a upon stimulation of RIG-I was analyzed. 

HEK293T cells were transfected with RIG-I N (stimulated) or ev (unstimulated), NFκB 

luciferase, TK-Renilla and either ev, UL35, UL35a or M35. Empty vector transfected cells 

showed strong induction of NFκB luciferase activity (Figure 10B), while M35 strongly 

downmodulated RIG-I N-induced NFκB activation as expected (Chan et al. 2017). In addition, 

we observed a similar downmodulation of the reporter in UL35 and UL35a expressing cells 

(Figure 10B). Here, we conclude that UL35 and UL35a interfere with cGAS and RIG-I-

mediated NFκB activation in transiently transfected reporter experiments. Both, the activation 

of cGAS-STING and the activation of RIG-I, trigger the phosphorylation of TBK1 and the 

subsequent phosphorylation and activation of the transcription factors IRF3 and NFκB. In 

addition to the cGAS and RIG-I assays, the effect of UL35 and UL35a on TNF-mediated NFκB 

activation was evaluated. The stimulation with TNFα activates the TNF signaling pathway, 

triggered by binding of TNFα to the TNF receptor and subsequent activation of NFκB. 

HEK293T cells were co-transfected with the NFκB luciferase and TK-Renilla reporters together 
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with either ev, UL35, UL35a, M35 or RTA. To validate the assay, the replication transcription 

activator protein (RTA) encoded by KSHV was included which is known to inhibit NFκB by 

targeting the TLR adaptor proteins MyD88 and TRIF (Ahmad et al., 2011; Lingel et al., 2015). 

Sixteen hours post transfection, recombinant TNFα was added to the cells and incubated for 

additional 24 hours prior lysis and luciferase activity measurement. Cells expressing M35 and 

RTA inhibited the activity of NFκB as expected (Figure 11A). Compared to ev control cells, 

UL35 downmodulated the NFκB reporter by 50%. Interestingly, UL35a did not inhibit the 

activation of NFκB but even enhanced NFκB transcription. This experiment showed that, UL35 

negatively interferes with the TNFα signaling pathway and affects the downstream activation 

of NFκB luciferase. However, it is still unclear whether UL35 affects the TNFα signaling by 

interfering with the signaling pathway leading to NFκB activation, or if UL35 antagonizes 

transcriptional activity of NFκB, e.g. the binding of NFκB to promoters. To solve this question, 

the NFκB subunit p65 was expressed to activate the NFκB luciferase reporter independent of 

the activation of upstream signaling molecules. HEK293T cells were co-transfected with p65 

(stimulated) or ev (unstimulated), and the NFκB luciferase and TK-Renilla reporters together 

with either ev, UL35 or UL35a. 20 hours post transfection, the cells were lysed and luciferase 

activity was measured and calculated as described before. Transfection of p65 resulted in a 

strong NFκB luciferase reporter activation in ev control cells (Figure 11B). Compared to ev, 

UL35 expressing cells reduced the NFκB activity by 71% whereas UL35a enhanced its activity 

by 58%. Interestingly, p65-mediated NFκB activation led to a comparable result as the TNFα 

assay (Figure 11A), indicating that UL35 antagonizes NFκB transcription downstream or at 

the level of p65. 

  

 

Figure 11 UL35 but not UL35a inhibits NFκB- mediated transcription downstream of TNF receptor signaling. 

(A) HEK293T cells were transfected with the NFκB-luc and pRL-TK reporters and either HA-tagged UL35, HA-

tagged UL35a, V5-tagged M35 or myc-tagged RTA. 16 hours later, cells were stimulated with recombinant TNFα 

for 24 hours. The luciferase activity was determined and the NFκB luciferase fold induction was calculated. (B) 

HEK293T cells were co-transfected with p65 (stimulated) or ev (unstimulated), NFκB-luc, pRL-TK and either ev, 

HA-tagged UL35 or HA-tagged UL35a. 20 hours later, cells were lysed and the luciferase activity was determined. 

Values are shown as mean ±SD from 3 independent experiments.  
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To sum up, we show that UL35 interferes with IFNβ activation upon TBK1 stimulation but not 

upon IRF3-5D stimulation. UL35 also inhibited the transcriptional activity of NFκB downstream 

of cGAS-STING and RIG-I and in p65-stimulated cells. In contrast to UL35, UL35a 

downmodulated IFNβ transcription downstream of IRF3-5D suggesting an alternative mode of 

action. Moreover, UL35a inhibited the NFκB luciferase reporter downstream of cGAS-STING 

and RIG-I, but not upon TNFα stimulation or p65 expression.  

3.1.3 UL35 and UL35a do not antagonize downstream of the IFNAR signaling pathway 

After the successful activation of type I IFN transcription, IFNs are secreted and bind to the 

cellular interferon alpha/-beta receptor (IFNAR). Interferon sensing triggers the activation of 

the Jak/STAT signaling cascade, leading to transcription of ISGs through binding of 

STAT/IRF9 to ISRE. To test the ability of UL35 and UL35a to interfere downstream of IFNAR 

activation, HEK293T cells were transfected with an ISG promoter luciferase reporter (ISG56-

luciferase), TK-Renilla and either ev, UL35, UL35a, M35 or M27. The MCMV protein M27 was 

included as a positive control as M27 was reported to target STAT2 signaling by 

downregulating the expression of STAT2. 24 hours post transfection, IFNAR signaling was 

stimulated by the addition of recombinant human IFNβ to the medium for additional 16 hours. 

Subsequently, cells were lysed, the luciferase reporter activity was measured and Renilla-

normalized values were used to calculate the ISG56-fold luciferase induction.  

 

Figure 12 UL35 and UL35a do not inhibit IFNAR signaling. HEK293T cells were transfected with a reporter 

containing the firefly luciferase under the control of the promoter for human ISG56 (ISG56-luc), pRL-TK and either 

ev, HA-tagged UL35, HA-tagged UL35a, V5-tagged M35 or V5-tagged M27. 24 hours later, cells were mock treated 

or stimulated by addition of recombinant human IFNβ for 16 hours prior lysis. Luciferase reporter activity was 

calculated by normalizing against Renilla and calculating the ISG56-fold induction from stimulated and unstimulated 

samples. Shown are mean values ±SD from biological duplicates of 5 independent experiments. 

The addition of recombinant IFNβ successfully activated the ISG56 reporter in ev control cells 

(Figure 12). As expected, expression of the STAT2 antagonist M27 markedly reduced reporter 

activity. M35 did not downmodulate the ISG56 reporter upon IFNβ stimulation which is in-line 

with previous findings (Chan et al., 2017). Similar to M35, UL35 did not downmodulate ISG56 

transcription but slightly enhanced the reporter activity. Interestingly, UL35a reduced slightly 

IFNAR signaling.  
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Although IFNβ stimulation resulted in a relatively low fold-induction of the ISG56 reporter, M27 

showed a clear inhibition of IFNAR signaling. UL35 and UL35a only show a mild effect on the 

reporter activity, and we therefore conclude that UL35 and UL35a do not effect signaling 

downstream of the IFNAR.  

3.2 Generation of human foreskin fibroblasts stably expressing UL35 and UL35a  

After the initial luciferase reporter assays, we were interested in the functional characterization 

of UL35 and UL35a in a biological relevant cell type. HCMV strictly infects the human host and 

therefore we were not able to perform in vivo studies using mice models. However, human 

primary foreskin fibroblasts (HFF-1) cell type for studying HCMV infection. Fibroblasts are 

highly permissive to HCMV and they play a major function as immune sentinels during 

infection. Additionally, fibroblasts bridge the innate and the adaptive immune system which 

qualifies fibroblasts as key player during infection. To perform virus-free studies, HFF-1 stably 

expressing UL35 and UL35a were generated by retroviral transduction. For this, UL35 and 

UL35a were cloned with C-terminal twin HA tags into a retroviral expression vector and 

retroviruses expressing UL35 and UL35a were produced as described in section 2.2.2.7 for 

transduction of HFF-1 cells.  
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Figure 13 Characterization of human primary foreskin fibroblasts stably expressing UL35 and UL35a. Low-

passage human primary HFF-1 were retrovirally transduced with retroviruses expressing HA-tagged UL35 or UL35a 

or empty vector (ev). After puromycin selection and expansion, cells were characterized by immunoblotting (A) and 

IF (B). (A)Puromycin selected cells were lysed in RIPA buffer and whole cell lysates were separated by SDS-PAGE. 

Subsequently, anti-HA and anti-actin antibodies were added for immunolabeling. (B) HFF-1 stably expressing UL35 

or UL35a were seeded on glass cover slips and fixed the next day with 4% PFA. Cells were permeabilized with 

Triton X-100, blocked with BSA/FCS and immunolabeled with an α-HA antibody. Nuclei were stained with DAPI. 

Cells were analyzed by confocal microscopy (60x magnification). The scale bar represents 15µm. n=2  

Retroviral transduction of HFF-1 was sufficient as judged by puromycin resistance of the 

majority of transduced HFF-1 (data not shown). However, UL35-transduced cells showed a 

decelerated growth compared to ev control and UL35a transduced cells. HFF-1 stably 

expressing UL35a showed similar growth as control cells. We expanded the HFF-1 under 

puromycin selection and stored low-passage aliquots in liquid nitrogen as backup for future 

experiments. To test expression of UL35 and UL35a, immunoblotting and indirect 

immunofluorescence was performed. As shown in Figure 13A, HA-tagged UL35 was 

expressed and migrated at the expected size of 75 kDa. UL35a-expressing fibroblasts showed 

a protein band at 25 kDa which is in line with the protein size prediction for HA-tagged UL35a. 

Compared to UL35, the expression of UL35a was weaker while the actin signal was equal 
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between the samples. Altogether, immunoblot analysis confirmed the expression of UL35 and 

UL35a in the respective HFF-1 cell line.  

Next, indirect immunofluorescence was performed to characterize the subcellular localization 

of UL35 and UL35a in HFF-1. Cells were seeded on glass cover slips and fixed the next day 

with 4% PFA. After permeabilizing the cells with Triton X-100 detergent, unspecific binding 

was blocked with BSA/FCS. Next, cells were immunolabeled with a primary rabbit antibody 

against HA and a secondary anti-rabbit antibody coupled to Alexa Fluor 488. In parallel, nuclei 

were stained with DAPI prior mounting with an anti-fading reagent. Immunofluorescent images 

were acquired on a spinning disc confocal microscope with 60x magnification. The images 

were slightly contrast enhanced, cropped and a 15µm scale bar was overlaid. Control HFF-1 

showed no signal, confirming the specificity of the HA antibody. UL35-expressing HFF showed 

a strong signal in the nucleus and a less pronounced signal in the cytoplasmic region (Figure 

13B). Approximately 50% of UL35-expressing HFF-1 showed a strong HA signal by 

immunofluorescence, while the majority of UL35a-expressing HFF-1 showed a specific HA 

signal. Expression of UL35a was mostly restricted to the nuclei with an equal nuclear 

distribution. Taken together, the expression of UL35 and UL35a in the respective transduced 

HFF-1 cell lines was confirmed by immunoblot and IF.  

3.3 Characterization of the subcellular localization of UL35 and UL35a 

The immunofluorescence analysis of the UL35- and UL35a- expressing HFF-1 showed a 

homogeneous nuclear localization of UL35 and UL35a. Next, we characterize the influence of 

different protein tags fused to UL35 and UL35a on their subcellular localization. For this, 

untagged UL35 and UL35a, C-terminal myc-tagged UL35 and UL35a, and C-terminal HA-

tagged UL35 and UL35a were compared. U-2 OS cells were used for this analysis because of 

their large cell size and their applicability for transient protein transfections. 20 hours post 

transfection with the different UL35 and UL35a constructs, U-2 OS cells were fixed, 

permeabilized and immunolabeled with the respective HA, myc or UL35 antibodies and 

respective secondary antibodies as described in section 2.2.6.6. The rabbit anti-UL35 BIE-1 

antibody (Y. Liu & Biegalke, 2002) detects the C-terminal portion of UL35 and therefor detects 

UL35 and UL35a. Confocal images were acquired on a spinning disc microscope with 60x 

magnification.  

HA-tagged UL35 showed a nuclear expression pattern with homogenous distribution and some 

round speckles (Figure 14A). In addition, a weak cytoplasmic UL35 HA expression was also 

observed as seen for transduced HFF-1. The nuclear localization of HA-tagged UL35a was 

homogenously distributed without the appearance of nuclear speckles.  
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Myc-tagged UL35 and UL35a located to the nuclei of U-2 OS cells with no signal in the 

cytoplasmic region (Figure 14B). Furthermore, nuclear round speckles were found for UL35-

myc, similar to that of UL35-HA. Next, the subcellular localization of untagged UL35 and UL35a 

was analyzed (Figure 14C). The expression of untagged UL35 and UL35a was similar to the 

respective HA-tagged versions. Notably, some cells that have been transfected with untagged 

UL35 showed circular speckles in the nucleus. Circular speckles were mostly observed when 

cells showed an apoptotic phenotype with a disrupted nucleus. In this case, the location of the 

speckles changed to the cytoplasmic region (data not shown).  

Taken together, the immunofluorescence analysis of HA, myc and untagged UL35 and UL35a 

showed comparable subcellular localizations with just minor differences. Transfected UL35 

was almost exclusively present in the nucleus with some expression in the cytoplasmic region. 

UL35a was homogenously located in the nucleus without the formation of nuclear speckles. 

Based on the results, we concluded that the subcellular localization of UL35 and UL35a is 

independent on the cell type and the different protein tags have no influence on the localization 

of UL35 and UL35a.   
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Figure 14 Subcellular localization of HA-tagged, myc-tagged and untagged UL35 and UL35a in U-2 OS cells. 

U-2 OS cells were seeded on glass cover slips and transfected the next day with HA-tagged UL35 or UL35a (A), 

myc-tagged UL35 or UL35a (B) or untagged UL35 or UL35a (C). 20 hours later, cells were fixed with 4% PFA and 

permeabilized with Triton X-100. After blocking with BSA/FCS, cells were immunolabeled with either rabbit α-HA 

(C29F4) (A), α-myc (9B11) (B) or α-UL35 (BIE-1) (C) antibodies. Subsequently, secondary antibodies linked to 

Alexa Fluor 488 were added and nuclei were stained with DAPI. Samples were analyzed by confocal microscopy 

(60x magnification). Scale bars represent 15µm. This experiment was performed once.  
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3.3.1 UL35 contains a nuclear localization signal in the C-terminus and a potential  

nuclear export signal in the N-terminus 

The immunofluorescence analysis of stably or transiently expressed UL35 and UL35a showed 

that both proteins locate to the nucleus independently on the C-terminal epitope tag. We 

therefore asked whether a nuclear localization signal (NLS) within the UL35 protein sequence 

could be responsible for the nuclear localization. To answer this question, the protein sequence 

of U35 was entered into the online prediction tool cNLS mapper (Kosugi et al., 2009) that is 

capable to predict importin α-dependent NLS. Two potential NLS sites were identified within 

the C-terminus of UL35 (Figure 15, NLS-1 and 2 marked in red). Both sites are located within 

the UL35a coding sequence. To test our hypothesis, HA-tagged C-terminal truncation mutants 

were generated using PCR-mutagenesis as described in section 2.2.1.3 (Figure 15, lower 

panel). The truncation mutant ΔC1 lacks both predicted NLS, ΔC2 lacks the second NLS site, 

and ΔC3 contains both NLS sites but lacks the C-terminal residues following NLS-2. In 

addition, UL35N, which lacks the complete UL35a sequence, was cloned. All mutants were 

verified by sequencing and their expression was tested in HEK293T cells by immunoblotting 

(data not shown). All mutants were expressed to similar levels as wildtype UL35 and UL35a. 

 

Figure 15 Mapping nuclear localization sequences of UL35. Shown is the UL35 protein sequence with predicted 

nuclear localization signal (NLS) sites 1 and 2 in red (online prediction tool: http://nls-mapper.iab.keio.ac.jp/cgi-

bin/NLS_Mapper_form.cgi). The start of the UL35a protein is marked as a green M at position 464. Truncation 

mutants were generated by PCR mutagenesis based on the predicted NLS and named UL35N, ΔC1, ΔC2 and ΔC3. 

 



Results  68 

Next, we asked whether the generated C-terminal truncation mutants of UL35 show an altered 

subcellular localization in transfected U-2 OS cells. As expected, full length UL35 and UL35a 

showed a mainly nuclear localization (Figure 16). As observed before, UL35 also showed 

some nuclear-located speckles within the nucleus. The C-terminal truncation mutant ΔC3 

contains both predicted NLS sites but lacks the last 18 amino acids of the C-terminus. Its 

nuclear localization was very similar to that of UL35. However, we observed a higher frequency 

of nuclear speckles and disrupted cells (Figure 16). In contrast, cells expressing ΔC2 were 

healthier compared to ΔC3. ΔC2 contains NLS-1 but lacks NLS-2 and its localization was very 

pronounced in the nucleus similar to the localization of UL35a (Figure 16). The ΔC1 mutant 

which lacks both NLS sites, showed a homogeneous localization in the cytoplasm and the 

nucleus, indicating a missing or disrupted NLS (Figure 16). Ultimately the expression of 

UL35N, which lacks the UL35a sequence, was analyzed. Interestingly, UL35N was detected 

exclusively in the cytoplasm (Figure 16).  

In conclusion, the disruption of NLS-1 changes the subcellular localization of UL35 as shown 

with the UL35N and ΔC1 truncation mutants. This indicates that a functional NLS site is present 

in UL35 and UL35a leading to nuclear localized proteins. 
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Figure 16 Subcellular localization of C-terminal truncation mutants of UL35. U-2 OS cells were seeded on 

glass cover slips and transfected with HA-tagged expression constructs of UL35N, ΔC1, ΔC2, ΔC3, UL35 and 

UL35a. 24 hours post transfection, cells were fixed, permeabilized and immunolabeled with an α-HA antibody and 

a secondary antibody coupled to AF488. Nuclei were stained with DAPI and fluorescent images were acquired on 

a confocal microscopy at 60x magnification. Scale bars represent 10 µm. This experiment was performed once. 
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Next, we asked whether the cytoplasmic localization of UL35 and UL35N may be due to a 

nuclear export signal (NES). To screen for a potential NES, the UL35 amino acid sequence 

was entered into the NetNES 1.1 prediction tool (la Cour et al., 2004) which is used to search 

for leucine-rich nuclear export signals (NES) in eukaryotic proteins. Notably, the analysis 

revealed a potential NES between aa position 243-254 of UL35 (Figure 17). Interestingly, the 

NES site is located within the UL35N truncation mutant, which was exclusively expressed in 

the cytoplasm (Figure 16). Whether this predicted NES is indeed functional needs to be tested 

in the future as it was not experimentally addressed in this study.   

 

Figure 17 Nuclear export signal prediction of UL35. The amino acid sequence of UL35 was entered into the 

NetNES 1.1 online tool (http://www.cbs.dtu.dk/services/NetNES/) to predict possible nuclear export signal (NES) 

sequences. Amino acids with scores above the threshold (red) are potential NES sites. The right panel shows a 

zoom-in into the amino acid region 240 - 260 including residues showing elevated NES scores.  

By generating different C-terminal truncation mutants of UL35, we observed a switch from 

mostly nuclear located (ΔC2 and ΔC3) to homogeneously nuclear and cytoplasmic distributed 

(ΔC1) and exclusively cytoplasmic (UL35N) localized UL35. We therefore raised the question 

whether the altered subcellular localization of UL35 would affect its potential to downmodulate 

the type I IFN response. To test this, HEK293T cells were transfected with expression 

constructs of IFNβ luciferase and TK-Renilla reporters, cGAS (stimulated), IRES-GFP 

(unstimulated), STING and either ev or UL35, UL35a, UL35N, ΔC1, ΔC2 or ΔC3. Luciferase 

reporter activity was analyzed 20 hours later and the IFNβ luciferase fold induction was 

calculated. As expected, cells expressing UL35 or UL35a downmodulated the IFNβ reporter 

compared to ev control cells (Figure 18). The exclusively cytoplasmic localized UL35N showed 

a slightly enhanced inhibition of the IFNβ reporter compared to UL35. Additionally, the 

truncation mutants ΔC1, ΔC2, and ΔC3 retained their potential to inhibit the IFN response upon 

cGAS-STING stimulation as well.    
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Figure 18 UL35 C-terminal truncation mutants retain their potential to antagonize IFNβ transcription. 

HEK293T cells were transfected with IFNβ-luc, pRL-TK, cGAS-GFP (stimulated) or IRES-GFP (unstimulated), 

STING and either ev, or HA-tagged UL35, UL35a, UL35N, ΔC1, ΔC2 or ΔC3. 20 hours later, cells were lysed and 

the luciferase fold induction was determined as described previously. Shown are duplicate values as mean ± SD 

from one experiment. 

Taken together, a functional NLS site (NLS-1) was identified in the C-terminus of UL35 located 

between aa 568 to 581. The UL35 C-terminal truncation mutant lacking this site (ΔC1) showed 

in a homogeneous subcellular localization in both compartments, the cytoplasm and nucleus. 

UL35N completely lacks the C-terminal part corresponding to UL35a. This mutant was 

exclusively localized in the cytoplasm. Notably, we identified a potential NES within the N-

terminus located at aa position 243-254 of UL35 which could contribute to the cytoplasmic 

localization of UL35N and UL35 but needs further verification. However, all truncation mutants 

retained their potential to antagonize the cGAS-STING mediated IFNβ response. This 

suggests that the shift from nuclear to exclusively cytoplasmic expression does not interfere 

with the immunomodulatory function of UL35 and that the cytoplasmic portion of UL35 may be 

responsible to antagonize PRR signaling.     

3.4 Generation of a mouse monoclonal antibody against UL35 and UL35a 

The group of Bonita Biegalke generated a polyclonal rabbit UL35a-specific antibody that 

recognizes both, UL35 and UL35a. However, this antibody cannot distinguish between UL35 

and UL35a by immunofluorescence. In order to characterize UL35 during the viral life cycle, 

we collaborated with Dr. Vanda Lisnic and Prof. Dr. Stipan Jonjic from the University of Rijeka 

to generate a mouse monoclonal antibody specific for UL35 and cloned an expression 

construct containing UL35 without the UL35a sequence (designated UL35N aa1-464). 

Additionally, full length UL35 (aa1-641) and UL35a (aa465-641) were cloned into the bacterial 

expression vector pET-28c. The expression constructs were sent to the laboratory of Prof. Dr. 

Stipan Jonjic for protein production and mouse immunization. Unfortunately, full length UL35 

and UL35N could not been expressed because the IPTG induction in E.coli failed for these 

constructs. However, strong expression of soluble protein was observed for UL35a. After 

protein concentration and purification, BALB/c mice were immunized for antibody production. 
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We received 5 different supernatants designated #0.1-0.5 from hybridomas to characterize the 

antibodies for their applicability for immunoblotting, immunoprecipitation and 

immunofluorescence. First, protein lysates from UL35- and UL35a-transfected HEK293T cells 

were used to test for specificity. RIPA lysates were immunoblotted with diluted hybridoma 

supernatants (Figure 19A). Detection of transfected UL35 was successful with all five 

supernatants (#0.1-0.5) with great specificity. UL35a was detected with all supernatants except 

for #0.1.  

Next, we were interested whether the hybridoma sups can also detect tegument UL35 from 

HCMV infected HFF-1. To verify a specific signal for UL35, wildtype (WT) HCMV and a 

recombinant HCMV lacking UL35 (designated Stop) was used. HFF-1 were either mock 

infected or infected at an MOI of 0.5 and infection efficiency was enhanced by centrifugation. 

Whole cell lysates were prepared 8 hours post infection, and separated by SDS-PAGE. For 

technical reasons, 2 µL of pre-stained protein ladder were included in each “Mock” lane. The 

lysates were blotted and incubated as before with the five different hybridoma supernatants 

(Figure 19B). With #0.1, we observed expression in mock, HCMV WT and Stop-infected cells 

indicating a lack of specificity for UL35. Hybridomas #0.2 and #0.5 detected unspecific bands 

at approx. 80 kDa and reacted to the protein ladder that was present in the mock samples. In 

addition, HCMV WT-infected cells showed a signal at 75 kDa with #0.2 and #0.5 that fits to the 

size of UL35 and was absent in Stop-infected cells. The best results were obtained with #0.3 

and #0.4. Almost no background signal was produced in mock and Stop-infected samples but 

a strong signal was observed in HCMV WT-infected HFF at 75 kDa. At 8 hours post infection, 

UL35a is not expressed and in line with the known protein kinetics, we did not observe a signal 

corresponding to UL35a. Hence, we confirmed the immunoblotting applicability of hybridoma 

sups #0.3 and #0.4 in the context of HCMV infection.  

After the immunoblot characterization, the hybridoma sups were tested in immunoprecipitation 

experiments. For this, HEK293T cells were transfected either with ev or UL35 HA and lysed 

24 hours post transfection with IP lysis buffer. Lysates were pre-cleared with Protein G agarose 

beads and incubated with Protein G beads and either an anti-HA antibody, the five hybridoma 

supernatants, or only buffer. Next, samples were blotted and incubated with a rat anti-HA HRP 

antibody prior imaging. As expected, UL35 expression was verified in the input fraction in 

UL35-transfected cells but was absent in ev control cells (Figure 19C). Immunoprecipitation 

using beads only did not pulldown UL35 whereas UL35 was recovered with the anti-HA control 

antibody. A clear but less-strong signal compared to the HA- IP was observed with the clones 

#0.1, #0.2, and #0.5. Hybridoma sups #0.3 and 0.4 strongly recovered UL35 comparable to 

the HA-control IP. Notably, the same clones (#0.3 and 0.4) also worked best for the immunoblot 

experiments described before.  
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To complete the antibody characterization, all five hybridoma clones were tested for their 

performance in immunofluorescence experiments. To do so, U-2 OS cells were seeded on 

glass cover slips and transfected with either ev or UL35HA expression constructs. Cells were 

fixed 20 hours later, and labeled with anti-HA antibody or the hybridoma supernatants (#0.1- 

0.5). Nuclei were stained with DAPI and images were taken on a confocal spinning disc 

microscope with 60x magnification. As expected, UL35 was detected by the anti-HA antibody 

whereas no signal was detected in ev control cells (Figure 19D). Supernatants #0.3 and #0.4 

detected UL35 as well as the anti-HA antibody. UL35 was seen most prominently in the 

nucleus and to a less extent in the cytoplasm. Empty vector transfected cells showed no 

unspecific signal with all the tested supernatants. Interestingly, hybridoma clones #0.1, 0.2 and 

0.5 produced a dispersed signal mostly distributed in the cytoplasm in UL35-transfected cells. 

However, nuclear UL35 was only weakly detected. For this reasons, hybridomas #0.1, 0.2 and 

0.5 were excluded. 
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Figure 19 Validation of monoclonal mouse hybridoma supernatants raised against UL35 and UL35a. BALB/c 

mice were immunized with UL35a protein and monoclonal hybridoma cells were generated in the lab of Prof. Dr. 

Stipan Jonjic. Five different hybridoma supernatants were validated for IB, IP and IF. (A) HEK293T cells were 

transfected with either ev, UL35-HA or UL35a-HA and whole cell lysates were immunoblotted 24 hours later with 

the five hybridoma supernatants (UL35A #0.1-0.5). (B) Primary HFF-1 were either mock infected (mock) or infected 

with HCMV wildtype (WT) or UL35stop (Stop) for 8 hours including centrifugal enhancement. Cells were lysed and 

immunoblotted as before with UL35A 0.1-0.5. (C) HEK293T cells were transfected with ev or UL35-HA. 24 hours 

later, cells were lysed and pre-cleared using Protein G agarose beads. After pre-clearing, samples were incubated 

with either beads only, orbeads with anti-HA antibody or the five hybridoma supernatants. Samples were 

immunoblotted and labeled with an α-HA-HRP antibody prior acquisition on a chemiluminescence imager. (D) For 

immunofluorescence analysis, U-2 OS cells were seeded on glass cover slips and transfected with ev or UL35-HA. 

20 hours later, cell were fixed with 4% PFA and permeabilized with Triton X-100. After blocking with BSA/FCS, cells 

were immunolabeled with either α-HA or the hybridoma supernatants. Subsequently, primary antibodies were linked 

to Alexa Fluor 488-coupled secondary antibodies. Nuclei were stained with DAPI. Samples were analyzed by 

confocal microscopy (60x magnification). The scale bar represents 15µm. n=1 

In summary, we successfully generated a mouse monoclonal antibody specifically recognizing 

UL35 and UL35a. UL35A 0.3 and 0.4 were highly suitable for immunoblotting of transfected 

and endogenous UL35, immunoprecipitation and immunofluorescence studies. These clones 

showed the best signal to noise ratio similar to the anti-HA control antibody. The results are 

summarized in Table 22. 

Table 22 Application summary of tested UL35 antibody clones 

Clone 
IB: 

transfected 

IB: 

endogenous 

IP: 

transfected 

IF: 

transfected 

UL35A 0.1 + ~ 
1

 + - 

UL35A 0.2 + ~ 
2

 ~ 
1

 - 

UL35A 0.3 + + + + 

UL35A 0.4 + + + + 

UL35A 0.5 + ~ 
2

 ~ 
1

 - 

1 Weak signal      2 High background and unspecific bands 

 

3.5 IFNβ transcription upon stimulation of cGAS and RIG-I is downmodulated in 

primary fibroblasts stably expressing UL35 or UL35a  

UL35 and UL35a downmodulated the transcription of IFNβ in luciferase reporter assays upon 

transient expression. Next, we were interested whether stably expressed UL35 and UL35a 

antagonize the type I IFN response in stimulated fibroblasts. The cytoplasmic DNA sensor 

cGAS activates STING upon binding to DNA which triggers a signaling cascade resulting in 

the transcription of type I IFNs. Human foreskin fibroblasts have an intact cGAS-STING 

pathway that can be activated by adding cGAS ligands. Interferon-stimulatory DNA (ISD) 

consists of 45 non-CpG nucleotides (5’ TAC AGA TCT ACT AGT GAT CTA TGA CTG ATC 

TGT ACA TGA TCT ACA 3’) extracted from the Listeria monocytogenes genome. Transfection 

of ISD activates cGAS-STING signaling and can be used to start transcription of IFNβ in vitro. 

To investigate whether UL35 and UL35a interfere with type I IFN response upon ISD 
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stimulation, HFF-1 stably expressing either empty vector pMSCV (ev), UL35 or UL35a were 

seeded and transfected with ISD. Six hours post transfection, cellular RNA was isolated and 

cDNA was generated for reverse transcriptase-quantitative PCR (RT-qPCR). Primers specific 

for the human IFNB1 gene were used to detect IFNβ transcripts. Primers specific for the 

housekeeping gene ribosomal protein L13a (RPL13A) were used to normalize the assay. The 

Ct method was used to calculate the IFNβ-fold induction relative to RPL13A. As expected, 

transfection of ISD in ev control HFF-1 induced transcripts of IFNβ showing the successful 

stimulation of the pathway (Figure 20). We observed that the induction of IFNβ was reduced 

by 50% in UL35 expressing HFF-1 compared to ev control cells. In UL35a expressing cells we 

only saw a tendency for reduced IFNβ mRNA transcripts of upon ISD stimulation.  

Based on the data, we conclude that UL35 is able to downmodulate the IFNβ response upon 

ISD stimulation in human primary fibroblasts.  

 

Figure 20 IFNβ transcription upon ISD stimulation is reduced in fibroblasts stably expressing UL35. HFF-1 

stably expressing UL35 or UL35a were transfected with interferon stimulatory DNA (ISD) and RNA was extracted 

for RT-qPCR 6h later. For normalization, the housekeeping gene RPL13A was amplified in parallel to IFNB1. 

Relative IFNβ mRNA levels were calculated using the ΔΔCt method and plotted as mean ±SD. Shown are combined 

data of 3 independent experiments.  

Next, the IFN response upon HCMV infection of HFF-1 stably expressing UL35 or UL35a was 

tested. For this, a recombinant HCMV lacking UL35 (designated UL35stop) was used to 

activate the cGAS-STING pathway and subsequent transcription of IFNβ. UL35stop was used 

in order to use HCMV as stimulus without the additional effect of endogenous UL35.  
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Figure 21 UL35 and UL35a downmodulate induction of IFNβ transcription in HCMV and SeV infected HFF-

1. HFF-1 stably expressing UL35 and UL35a were mock treated or infected either with HCMV UL35stop (A) or 

Sendai virus (SeV) (B). 6 hours later, RNA was extracted and IFNB1 mRNA was measured by RT-qPCR. The 

housekeeping genes RPL13A (A) or HPRT1 (B) were used for normalization. For relative quantification, the Ct 

method was used. Plots represent mean values ±SD from 3 independent experiments. 

HFF-1 expressing ev, UL35 or UL35a were seeded and either mock infected or infected with 

HCMV UL35stop at an MOI of 0.5. The infection was enhanced by centrifugation for 45 minutes 

and RNA was extracted 6 hours post infection for RT-PCR analysis. HCMV infection of control 

HFF-1 increased IFNβ mRNA levels more than 4000 fold compared to unstimulated cells 

(Figure 21A). In contrast, induction of IFNβ transcripts was reduced by approx. 50% in 

presence of UL35. Interestingly, UL35a clearly downmodulated IFNβ mRNA induction upon 

infection with HCMV UL35stop (Figure 21A). In contrast, UL35a expressing fibroblasts only 

showed a tendency of reduced IFNβ transcripts upon ISD stimulation (Figure 20). 

Next, we tested the IFN response upon activation of the RIG-I pathway in HFF-1 stably 

expressing UL35 and UL35a. RIG-I activation was achieved by infection with the RNA virus 

Sendai virus (SeV). HFF-1 stably expressing ev, UL35 or UL35a were infected with SeV for 6 

hours prior RNA extraction and RT-qPCR was performed as described before. Three 

independent experiments were combined and values for the relative IFNβ induction of ev 

control HFF-1 were normalized to 100 because of an unequal IFNβ induction between the 

experimental repeats. As expected, infection with SeV induced IFNβ transcription in control 

HFF-1 (Figure 21B). In contrast, the presence of UL35 reduced IFNβ transcription by 50%. 

The results with UL35a-expressing cells showed a high variation but a tendency of reduced 

IFNβ mRNA compared to control cells.  

In the previously performed ISG56 luciferase reporter assay, UL35 and UL35a did not interfere 

with IFNAR signaling (Figure 12). To confirm this result in HFF-1 expressing UL35 or UL35a, 

cells were stimulated by the addition of recombinant IFNβ and mRNA levels of two ISGs, IFIT3 

and ISG56 were assessed. As expected, the addition of IFNβ induced mRNA levels of the 
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amplified ISGs (Figure 22). However, we did not see reduction of IFIT3 (Figure 22A) or ISG56 

(Figure 22B) mRNA levels in the presence of UL35 or UL35a compared to ev control cells.  

  

Figure 22 UL35 and UL35a do not modulate IFNAR signaling in HFF-1. HFF-1 stably expressing ev, UL35 or 

UL35a were mock treated or stimulated by addition of 20 ng/mL recombinant human IFNβ. Six hours later, RNA 

was extracted and transcripts of IFIT3 (A) and ISG56 (B) were determined by RT-qPCR. HPRT1 was amplified in 

parallel to normalize ISG mRNA levels. For relative quantification, the Ct method was used. Plots represent mean 

values ±SD from 2 independent experiments.  

Using HFF-1 stably expressing UL35 and UL35a we could show the antagonistic potential of 

these HCMV proteins upon stimulation of DNA and RNA sensors. However, whereas UL35 

showed consistent results in experimental repeats of ISD, HCMV UL35stop and SeV 

experiments, a high variance for UL35a expressing cells was observed, questioning its 

antagonizing function. In accordance with the ISG56 luciferase reporter assay, UL35 and 

UL35a did not downmodulate the IFNAR signaling pathway upon IFNβ stimulation, indicating 

a specific modulation of the PRR signaling pathway upstream of IFNAR signaling. 

3.6 Characterization of tegument-derived UL35 during HCMV infection   

UL35 was shown to be important but not essential for virus replication and it was demonstrated 

that UL35 is a component of the HCMV tegument layer (Schierling et al., 2005). As a tegument 

protein, UL35 is immediately present in HCMV infected cells which makes it an efficient 

antagonist of the host immune response. We had strong evidence from the previously shown 

experiments that UL35 interferes with the DNA and RNA-mediated type I IFN response. For 

this reason, we wanted to study the tegument function of UL35 in the context of infection to 

evaluate its potential as interferon antagonist.  

3.6.1 Generation of a UL35-deficient recombinant HCMV 

A recombinant HCMV mutant lacking UL35 was cloned by en passant mutagenesis by Endrit 

Elbasani in the lab of Martin Messerle from the Hannover Medical School (MHH) in 

collaboration with Baca Chan (HZI Braunschweig). A stop cassette was introduced into the 

UL35 open reading frame (ORF) at nucleotide position 228 (Figure 23A). The stop cassette 
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contains three stop codons leading to termination of UL35 protein translation. Because UL35a 

is translated from a different start codon at position 1409 within the UL35 ORF, translation of 

UL35a should not be affected by the introduced stop codon. Hence, the resulting mutant virus 

(designated as UL35stop) should lack UL35 but express UL35a (Figure 23B). To verify the 

specific mutation and to exclude potential off-target effects, the resulting BAC DNA was fully 

sequenced by Baca Chan (HZI) and compared to the sequence to the parental HCMV TB40/E 

BAC4 genome (data not shown). The sequencing results showed no additional mutations 

except for the introduced stop cassette.  

 

Figure 23 Scheme of the recombinant UL35-deficient HCMV. (A) Endrit Elbasani (MHH) and Baca Chan (HZI) 

introduced a stop cassette (15 bp) into the HCMV BAC at nucleotide position 79145 using en passant mutagenesis 

to terminate UL35 translation. (B) The protein map shows the translation of UL35 and UL35a of the parental HCMV 

WT strain (left). Translation of UL35 in the recombinant HCMV UL35stop is abrogated whereas translation of UL35a 

is unaffected by the stop cassette (right). This scheme was modified from Fabits et al., 2020. 
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3.6.2 BAC reconstitution and characterization of the recombinant UL35stop  

For reconstitution of HCMV UL35stop from the BAC, endotoxin-free BAC DNA was isolated 

from freshly grown bacteria as described in section 2.2.2.1. Next, the isolated BAC was 

transfected into human lung fibroblasts (MRC-5) and maintained in culture until cytopathic 

effects were visible. The infectious supernatant was used to infect primary HFF-1 cells to 

generate virus stocks as described in section 2.2.2.2. Viral titers of HCMV WT and HCMV 

UL35stop were determined by standard plaque assay in HFF-1 cells. Viral particles of HCMV 

WT and HCMV UL35stop were first analyzed by immunoblotting with an anti-UL35 antibody 

for the presence and absence of UL35. Additionally, immunolabeling for the major tegument 

protein pp65, encoded by UL83, was performed as control (Figure 24A). The immunoblot 

confirmed the absence of the tegument protein UL35 in HCMV UL35stop viral particles and 

confirmed expression of UL35 in particles from HCMV WT preparations. The expression of the 

tegument protein UL83 confirmed equal loading of HCMV WT and UL35stop particles.  

During the virus stock preparation of UL35stop, a slower CPE development was observed 

compared to WT. This was in line with previous reports showing an MOI-dependent growth 

deficit for UL35-deficient HCMV (Maschkowitz et al., 2018). To compare viral growth between 

HCMV WT and HCMV UL35stop in HFF-1, a one-step replication curve was performed. HFF-

1 were infected with either HCMV WT or UL35stop at an MOI of 0.1. Supernatants were 

harvested at indicated time points, serially diluted and used to infect freshly seeded HFF-1 to 

determine viral titers. Forty eight hours later, cells were fixed with 4% PFA and immunolabeled 

for the viral IE1 protein. Viral titers were calculated as IE1+ cells per mL and expressed as 

log10 to generate a growth curve. Interestingly, similar titers for both, HCMV WT and UL35stop 

infected HFF-1 were counted (Figure 24B). Although a delayed infectious foci formation was 

observed during the virus preparation for HCMV UL35stop, the growth curve experiment 

exhibited comparable viral growth between HCMV WT and HCMV UL35stop under these 

conditions.  

In addition to the growth kinetics, viral protein expression kinetics of UL35stop infected 

fibroblasts was addressed. HFF-1 were seeded and infected either with HCMV WT or 

UL35stop at an MOI of 0.1. Whole cell lysates were prepared from the indicated time points 

and proteins were separated by SDS-PAGE. Subsequently, anti-UL35, anti-UL44, anti-UL83 

and anti-IE1 antibodies were used for immunolabeling (Figure 24C). UL35 was detected 

between 4 and 10 hours post infection. At 24 hours, expression of UL35 diminished and 

increased again from 48 hours post infection onwards. In contrast, expression of UL35 was 

not detected in UL35stop-infected cells throughout the entire experiment. Moreover, we 

detected an increasing expression of UL35a from 24 hours post infection onwards in HCMV 

WT and UL35stop-infected cells. The expression kinetic of the early HCMV protein UL44 and 
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the late protein UL83 was similar in HCMV WT and UL35stop infected fibroblasts. However, 

expression of IE1 was hardly detected with the used anti-IE1 antibody. In total, this data 

confirmed the lack of UL35 in HCMV UL35stop infected fibroblasts and showed the expected 

expression of UL35a and other viral proteins (UL44 and UL83).   

 

Figure 24 Characterization of the recombinant HCMV UL35stop mutant. (A) Viral particles of HCMV WT and 

UL35stop were immunoblotted for UL35 and UL83 with specific antibodies. (B) HFF-1 were infected at an MOI of 

0.1 with either HCMV WT or UL35stop for a one-step growth curve experiment. Supernatants from the indicated 

time points were harvested, diluted and used to infect fresh HFF-1 to determine viral titers by immunolabeling for 

IE1 protein. Titers were calculated as IE1+ cells per mL and values were transformed to a log10 scale. (C) HFF-1 

were infected with either HCMV WT or UL35stop at an MOI of 0.1 with centrifugal enhancement. Cells were lysed 

at the indicated time points and immunoblotted for UL35, UL35a, UL44, pp65 and IE1. This figure was taken and 

modified from (Fabits et al., 2020). n=2 

In conclusion, characterization of the HCMV UL35stop mutant revealed similar growth and 

protein expression dynamics as HCMV WT and confirmed the absence of UL35 tegument 

protein in HCMV UL35stop infected cells.  

3.7 Subcellular localization of UL35 in the context of infection 

We next investigated the subcellular localization of UL35 during infection as the spatiotemporal 

characterization improves the understanding of the antagonistic function of UL35. Previously, 

the localization of ectopically expressed UL35 was tested. We observed that the majority of 

UL35 protein was located to the nucleus. However, tegument proteins enter the cell during 

viral entry and are first released into the cytoplasm. Therefore, we were interested into the 

subcellular localization of UL35 during viral infection.  
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3.7.1 Subcellular fractionation of HCMV-infected fibroblasts 

First, HFF-1 were either mock infected or infected with HCMV WT or UL35stop at an MOI of 

0.5. Cells were lysed at 1.5 hours and 5 hours post infection and fractionated into whole cell 

lysate (WCL), cytoplasmic (C) and nucleic (N) fractions. Proteins were separated by SDS-

PAGE and immunoblotted for UL35, tubulin and fibrillarin. The expression of the cytoplasmic 

protein tubulin serves as a cytoplasmic fraction marker whereas the nuclear protein fibrillarin 

indicates the purity of the nuclear fraction. To our surprise, we identified UL35 already 1.5 

hours post infection in the nuclear fraction of HCMV WT infected cells (Figure 25). UL35 was 

also present in the cytoplasm, however its expression was lower compared to the nucleus. 

HCMV UL35stop infected cells validated the specificity of the UL35 antibody as no signal was 

detected. At 5 hours post infection, UL35 was still detected in the cytoplasm but the majority 

was found in the nucleus. These results show the rapid dynamics of incoming tegument UL35, 

with fast accumulation in the nucleus and continuous presence in the cytoplasm. 

 

Figure 25 Subcellular fractionation of UL35 shows rapid translocation to the nucleus and continuous 

presence in the cytoplasm. HFF-1 were infected with HCMV WT or UL35stop (MOI=0.5) for 1.5 and 5 hours to 

determine the subcellular location of UL35 during infection. Cells were lysed at indicated time points and 

fractionated into whole cell lysate (WCL), cytoplasm (C) and nucleus (N). Samples were immunoblotted for UL35, 

tubulin and fibrillarin with specific antibodies. This figure was taken from (Fabits et al., 2020). n=2 

3.7.2 Immunofluorescence analysis of HCMV infected fibroblasts 

The subcellular fractionation showed the rapid presence of incoming UL35 in the nucleus. 

Because the subcellular fractionation only provides an indirect information of the subcellular 

localization, we validated the results by immunofluorescence. Acquisition of multiple layers 

(stacks) of infected nuclei and the subsequent 3D-image reconstruction, allowed to 

differentiate whether UL35 has attached to the outside of the nucleus or already entered the 

nucleus. To do this, primary fibroblast were seeded into µ-slide 8-well chambers and infected 

either with HCMV WT or HCMV UL35stop at an MOI of 5. 90 minutes later, the infectious 

supernatant was exchanged with fresh medium and cells were further incubated until PFA 

fixation at 2, 4 and 6 hours post infection. Cells were immunolabeled with the mouse 

monoclonal anti-UL35 antibody (UL35A 0.3) and anti-UL82 to control for successful infection. 
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Nuclei were stained with DAPI and images were acquired on the spinning disc confocal 

microscope. To generate a three dimensional picture of the nucleus, z-stacks of 5 µm of 

selected nuclei that showed infection were imaged. While infection with HCMV UL35stop 

showed no signal with the anti-UL35 antibody at all time points, we clearly detected UL35 in 

HCMV WT infected fibroblasts (Figure 26). In addition, UL82 was detected in both, HCMV WT 

and UL35stop infected cells providing a good control for successful infection. When we 

followed HCMV WT infected cells overtime, we observed a pan-cellular signal with the anti-

UL35 antibody which partially overlaps with UL82. Given the fact that this antibody recognizes 

both, UL35 and UL35a, but HCMV UL35stop infected cells did not show a UL35 signal at 2, 4 

and 6 hours, we conclude that we follow tegument UL35 and not UL35a. Based on this 

assumption, UL35 was identified in the nucleus as early as 2 hours which is in line with the 

results from the subcellular fractionation assay. The 3D-reconstruction of the z-stacks clearly 

identified a UL35 signal inside the nucleus. At 4 and 6 hours, UL35 accumulated in the nucleus. 

Notably, cytoplasmic UL35 was also detected at 6 hours post infection.  

In summary, the subcellular localization of the tegument protein UL35 and UL82 during the 

immediate-early time points of infection was demonstrated and evidence has shown that 

incoming UL35 co-localizes with UL82 and rapidly translocates into the nucleus where UL35 

accumulates. However, UL35 was continuously present in the cytoplasm which includes the 

cytoplasm as a possible site of action for the antagonistic activity of UL35.   
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Figure 26 Confocal microscopy of HCMV-infected fibroblasts. HFF-1 were infected with HCMV WT or UL35stop 

at an MOI of 5. Cells were fixed at the indicated time points and immunolabeled with α-UL35 and α-UL82 antibody. 

Nuclei were stained with DAPI. Images were acquired by confocal microscopy at 60x magnification. Z-stacks of 5 

µm steps were used to reconstruct a 3D image of selected nuclei. Scale bars represent 10µm. This figure was taken 

from (Fabits et al., 2020). n=2 
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3.8 Tegument-derived UL35 downmodulates the type I IFN response in HCMV-infected 

fibroblasts  

We collected evidence that UL35 negatively modulates the transcriptional activation of IFNβ in 

luciferase reporter assays and stably expressing fibroblasts. Next, we tested whether tegument 

UL35 antagonizes the type I IFN response in HCMV infected fibroblasts. For this, primary HFF-

1 were infected either with HCMV WT or HCMV UL35stop at an MOI of 0.5 and 0.05 and 

induction of IFNβ and IL-6 transcription was analyzed by RT-qPCR 6 hours later, a time point 

at which de novo synthesis of UL35 is not yet expected.  

To ensure equal input of HCMV WT and UL35stop viruses, two control experiments were 

performed. First, the titers of HCMV WT and UL35stop inocula were determined in parallel to 

the main experiment on fresh HFF-1 cells by immunolabeling for the IE1 protein. We detected 

no significant difference between titers of HCMV WT and UL35stop inocula indicating an equal 

infection of HFF-1 in three independent experiments (Figure 27A). Second, HCMV genome 

copy numbers of cells infected with the same inocula of HCMV WT or UL35stop were analyzed. 

For this, infected HFF-1 were subjected to DNA isolation 4 hours post infection and the DNA 

was used to determine the HCMV genome copy number by RT-qPCR by our collaboration 

partner Albert Heim at the MHH. We found similar genome copy numbers of HCMV WT and 

UL35stop infected cells in two out of three independent experiments. For one experiment, 

HCMV UL35stop infected cells showed higher genome copy numbers than HCMV WT infected 

cells (Figure 27B). Notably, the inoculum titer of this particular experiment was equal between 

HCMV WT and UL35stop. Therefore, we conclude that equal amounts of HCMV WT and 

UL35stop were used for the infection experiments. Six hours post infection, RNA from HCMV 

WT and UL35stop infected fibroblasts was extracted and RT-qPCR performed to amplify IFNβ 

and IL-6 transcripts. HCMV UL35stop infected HFF-1 showed elevated transcript levels of 

IFNβ (1.9-fold for MOI=0.5 and 1.5-fold for MOI=0.05) compared to HCMV WT infected cells 

(Figure 27C). This confirms the antagonistic function of tegument UL35 in the context of 

infection. We also quantified the induction of the proinflammatory cytokine IL-6 which also acts 

as an antiviral effector molecule (Figure 27D). In contrast to IFNβ, IL-6 levels were not 

increased in infected cells, suggesting that the IL-6 immune response is not affected by UL35 

in infected fibroblasts. 
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Figure 27 Tegument-UL35 negatively modulates IFNβ transcription upon HCMV infection. HFF-1 were 

infected either with HCMV WT or UL35stop at an MOI of 0.5 or 0.05 (A). To control for equal infection, the titers of 

the HCMV WT and UL35stop inocula used for the subsequent experiments were determined by IE1 immunolabeling 

visualized as IE1-positive nuclei per well. Shown are the combined results of 3 independent experiments (MOI=0.5) 

with error bars indicating ±SD. (B) In parallel to the IE1 quantification, we determined the HCMV genome copy 

number in infected cells by RT-qPCR at 4 hours post infection from MOI=0.5 inocula. Shown are the individual 

results of three independent experiments. Six hours post infection, transcripts of IFNβ (C) and IL-6 (D) were 

determined by RT-qPCR and quantified using the Ct method. The relative mRNA induction was normalized 

against HPRT1 (C) or RPL13a (D). Shown are mean values ±SD from three independent experiments. Statistical 

analysis was performed using the Student’s t-test.  

In the framework of the Marie Curie training network, a cooperation with Dr. Roland Zahn from 

Janssen Vaccines and Prevention B.V. in Leiden was initiated to measure secreted cytokines 

of HCMV infected fibroblasts. For this, HFF-1 were mock-treated or infected with HCMV WT 

or UL35stop at an MOI of 0.5 and supernatants were harvested after 24 and 48 hours later. At 

the Janssen laboratories, we quantified secreted interferons using an MSD-based cytokine 

measurement. The analysis included multiplexed detection of type I (IFNα2a, IFNβ), type II 

(IFNγ), and type III (IFNλ1) IFNs. Although HFF-1 are known to secrete very low amounts of 

interferons, we were able to measure type I and type III interferon secretion upon infection with 

HCMV. While we could not detect secreted IFNα2a and IFNγ in HCMV WT and UL35stop 

infected fibroblasts, we detected IFNβ and IFNλ1 in supernatants of infected cells (Figure 28). 

IFNβ peaked at 24 hours while IFNλ1 levels increased from 24 to 48 hours, showing the 

different kinetics between those cytokines. UL35stop infected cells produced significantly more 

IFNβ than HCMV WT infected cells (Figure 28A). In contrast, IFNλ1 production was similar 
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between HCMV WT and UL35stop infected fibroblasts (Figure 28B). This data shows that 

UL35 negatively affects transcription and the production of IFNβ during HCMV infection.    

 

Figure 28 HFF-1 infected with UL35stop show increased secretion of IFNβ. HFF-1 were mock treated or 

infected with either HCMV WT or UL35stop at an MOI of 0.5. Supernatants were taken 24 and 48 hours later and 

subjected to multiplex cytokine measurement for IFNβ (A) and IFNλ1 (B) using the MSD technology. Shown are 

combined data of three independent experiments performed in duplicates as mean ±SD. Statistics was performed 

using the Student’s t-test. ns =not significant, ** p ≤ 0.01

3.9 HCMV infection of the human monocytic leukemia cell line THP-1  

Next, we were interested to perform infection experiments in human macrophages because of 

their potent interferon response and immunological relevance. To overcome limitations of 

short-life span and inter-individual variability resulting from multiple blood donors, we used the 

human monocytic leukemia cell line THP-1 as an infection model of human macrophages. 

THP-1 cells respond to the stimulation with phorbol 12-myristate 13-acetate (PMA) with 

differentiation into a macrophage-like phenotype that is comparable to human primary 

macrophages. However, due to their malignant background, THP-1 do not always mirror the 

response of primary macrophages. For HCMV infection, THP-1 were stimulated with PMA for 

3 days to initiate maturation following incubation for additional 48 hours without PMA. Matured 

THP-1 cells showed an adherent phenotype indicating successful differentiation. 

Subsequently, cells were either infected with HCMV WT with increasing MOIs (0.5, 1, 2 and 5) 

or infected with HCMV UL35stop at an MOI of 5. Six hours later, total RNA was extracted and 

RT-qPCR was performed to measure transcripts of IFNB1 and the ISG IFIT3. HCMV WT 

infection induced IFNB1 transcripts proportional to the dose of infection (Figure 29A). 

Surprisingly, UL35stop-infected cells showed a 2.9-fold lower IFN response compared to 

HCMV WT-infected cells at the same MOI.  

IFIT3 transcripts increased with the infection dose upon HCMV WT infection as seen for IFNB1 

transcripts (Figure 29B). However, HCMV UL35stop-infected cells showed 2.7-fold lower 

IFIT3 levels as HCMV WT infected cells of the same MOI, as observed for IFNB1. 
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Figure 29 HCMV UL35stop induced a lower type I IFN response in PMA-maturated THP-1 cells. THP-1 cells 

were stimulated with PMA for 3 days and incubated for additional 48 hours without PMA. Following maturation, 

THP-1 were infected either with HCMV WT at increasing MOIs as indicated, or with HCMV UL35stop at an MOI of 

5. Six hours later, total RNA was isolated and subjected to cDNA synthesis for qPCR analysis of IFNβ (A) and IFIT3 

(B) transcripts. Relative transcript levels were normalized against HPRT1 mRNA and are shown as mean ±SD from 

2 independent experiments.    

Taken together, the results show the upregulation of IFNβ and IFIT3 mRNA levels upon HCMV 

infection in THP1 cells. Interestingly, HCMV UL35stop infection did not lead to the expected 

increase of IFNβ as observed for fibroblasts.   

3.10 HCMV infection of differentiated primary human macrophages  

In addition to the infection experiments conducted in THP-1 cells, we collaborated together 

with Giada Frascaroli from the Heinrich-Pette-Institute in Hamburg to perform additional 

infection experiments in human primary macrophages. Primary macrophages are strong IFN 

producers and mount a potent antiviral response upon infection, which makes them an ideal 

model to study IFN antagonists in primary cells. However, primary macrophages need to be 

freshly isolated and differentiated from healthy human blood donors prior infection and often 

they show a high variation between different donors. Isolated monocytes can be further 

differentiated in vitro by the addition of granulocyte-macrophage colony-stimulating factor (GM-

CSF) to a proinflammatory M1-like phenotype. In contrast, addition of macrophage colony-

stimulating factor (M-CSF) induces the switch to the anti-inflammatory M2-like phenotype. Both 

subsets fulfill different effector functions and show a different cell morphology. We decided to 

include M1 and M2 macrophage subsets in our infection experiments.  

To do this, Giada Frascaroli isolated PBMCs from buffy coats of HCMV-negative human 

healthy blood donors using Ficoll density centrifugation. Monocytes were further purified by 

negative selection and stimulated either with GM-CSF or M-CSF for seven days. Differentiated 

macrophages were infected with HCMV WT or UL35stop at an MOI of 5 and lysed six hours 

later. Cell lysates were shipped to the HZI were RNA was extracted and RT-qPCR for IFNB1 

transcripts was performed. Infection with HCMV WT led to a strong IFN response in both, M1 

and M2 macrophage subsets (Figure 30A, B). Interestingly, infection of M1 and M2 
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macrophages with HCMV UL35stop induced a 2-fold lower IFNβ response than WT HCMV 

(Figure 30A, B). These results show a similar outcome as the infection experiments in THP-1 

cells.  

To make sure that this phenotype is not due to differences in infection efficiency between 

HCMV WT and UL35stop, the HCMV inoculum was titrated by Giada Frascaroli on fresh M1 

and M2 macrophages to test the infection efficiency by immunofluorescence for IE1-2. In 

addition, cells were infected with a reference WT HCMV (designated Ref) that origins from a 

different virus preparation protocol which was adapted for endothelial cells and prepared by G. 

Frascaroli. The analysis of IE1-2 expressing cells showed that approx. 20% of M1 

macrophages and 60% of M2 macrophages were infected by HCMV Ref (data not shown). 

This result fulfils the expected infection efficiency that can be achieved with HCMV. In strong 

contrast to the Ref virus, the analysis showed that only 6% of M1 macrophages were infected 

by our preparation of HCMV WT (Figure 30C). Further, HCMV UL35stop infected 10% of M1 

macrophages. However, we observed a high number of dead M1 cells upon UL35stop infection 

as noticed by the reduced number of DAPI stained nuclei. M2 macrophages showed an 

infection efficiency of 20% in the case of HCMV WT infection and 7 upon HCMV UL35stop 

infection (Figure 30C). These findings indicate that infection efficiency of M1 and M2 

macrophages was not equal between HCMV WT and UL35stop although the same MOI was 

used. This questions the comparability of the RT-qPCR results from HCMV WT and UL35stop 

infected cells and therefore needs further investigation. 
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Figure 30 HCMV infection of M1- and M2-differentiated primary macrophages. Primary macrophages were 

isolated from HCMV-seronegative blood donors and differentiated for 7 days into M1 and M2 subsets using GM-

CSF or M-CSF, respectively. Subsequently, macrophages were infected either with HCMV WT or UL35stop at an 

MOI of 5. Total RNA was extracted 6 hours post infection and IFNβ transcripts in M1 (A) and M2 (B) macrophages 

were quantified by RT-qPCR. Values were normalized to HPRT1 and the relative IFNβ induction was calculated. 

(C) M1 and M2 macrophages were infected with HCMV WT or UL35stop at an MOI of 5. 48 hours later, cells were 

fixed with PFA, immunolabeled for IE1-2 protein (red) and stained with DAPI (blue). The infection efficiency was 

calculated based on the percentage of IE1-2 positive cells and is shown percent. One experiment from a single 

donor is shown. For A, mean values of duplicates ±SD are shown. 
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3.11 Proteomics and identification of novel interaction partners of UL35 and UL35a 

using affinity purification-coupled to mass spectrometry 

To gain insight into the mechanistic function of HCMV UL35 and UL35a, we performed a mass 

spectrometry approach to identify host proteins that interact with UL35 and UL35a. Because 

most protein functions depend on direct or indirect protein-protein interactions, we speculated 

that identifying the interaction partners may lead to a better understanding of the antagonistic 

function of HCMV UL35 and UL35a. Salsman et al. performed a mass spectrometry approach 

in 2012 with transiently transfected Flag-tagged UL35 and UL35a in HEK293A cells and 

identified cellular host proteins that interact with UL35 and UL35a (Salsman et al., 2012). In 

the study, they described novel protein functions of UL35 including the manipulation of the host 

DNA repair response. Because this approach was done under resting and non-stimulated 

conditions, we were interested in proteins that specifically interact under immune stimulated 

conditions. In this regard, we collaborated with A. Pichlmair (MPI Munich) from the EDGE-ITN 

network to conduct affinity-purification coupled to mass spectrometry (AP-MS) analysis. 

Additionally, we measured the whole cell proteome of unstimulated and stimulated cells to use 

the proteome as a protein reference library for the AP-MS analysis. In particular, I performed 

the poly(I:C) stimulation and harvesting of the HFF-1 cell lines at the HZI. The sample 

preparation as well as the mass spectrometry measurement was done by me under 

supervision of Virginie Girault at the MPI Munich. Virginie Girault processed and statistically 

analyzed the proteomics and AP-MS data and generated Figure 31, Figure 32A, and Figure 

33B,C.  

3.11.1 Whole cell proteomics of UL35 and UL35a expressing HFF 

To perform whole cell proteomics under stimulated conditions, HFF-1 stably expressing UL35 

or UL35a were either mock treated or stimulated with poly(I:C) for four hours. Cell lysates were 

prepared and peptides were generated by LysC/Trypsin digestion. Resulting peptides were 

measured on the LC-MS system at the MPI Munich. Label-free quantification (LFQ) was used 

to calculate the relative amount of proteins. LFQ values were further transformed to log2 and 

significant protein intensity changes relative to ev-mock or ev-stimulated cells were calculated. 

In total, we recovered approx. 2200 proteins in the proteomic approach. As an overview of the 

proteomic changes in all conditions, Virginie Girault generated a heat map with color coded 

LFQ protein intensities ranging from blue (downmodulated) to red (upregulated) (Figure 31). 

Here, we observed a number of proteins that were differentially expressed between ev, UL35 

and UL35a expressing cells. 
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Figure 31 Heat map of proteome differences of HFF-1 stably expressing ev, UL35 or UL35a. HFF-1 stably expressing ev , UL35 or UL35a were either mock treated or stimulated 

with poly(I:C) (pIC) for 4 hours. Whole cell lysates were prepared and used to generate peptides for the LC-MS measurement. LFQ values (= relative amount of proteins) were log2 

transformed and protein intensities are shown as a color code ranging from blue (downregulated) to red (upregulated). As reference, the corresponding ev condition was used. Shown 

are the combined data of three independent experiments performed in quadruplicates. (NaN = no values obtained). This figure was obtained from V. Girault. 
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As we focused on the immune modulatory function of UL35 and UL35a, we analyzed proteins 

classified as immune cell signaling proteins based on their gene ontology (GO) entries. Virginie 

Girault visualized these proteins in a volcano plot (marked in blue) and applied statistics to 

filter proteins that are significantly up-or down-regulated compared to ev-expressing cells 

(Figure 32). The volcano plot of mock and poly(I:C) stimulated UL35-expressing cells is shown 

in Figure 32A. We identified 6 proteins that were significantly downregulated in UL35-

expressing fibroblasts upon poly(I:C) stimulation compared to stimulated ev control cells 

(Figure 32B). Among those proteins, the ISGs IFI16, IFIT2 and IFIT3 were in stimulated UL35-

expressing cells. Next, we performed an enrichment analysis of the complete proteomic data 

to group enriched proteins with a common function. Figure 32C shows the enrichment analysis 

for stimulated UL35-expressing cells based on their Kyoto encyclopedia of genes and 

genomes (KEGG) and gene ontology cellular component (GOCC) protein function. Proteins 

that are involved in extracellular matrix-receptor interaction (ECM-receptor interaction) and 

DNA replication and elongation were highly enriched suggesting a potential function for UL35 

in these pathways. Interestingly, proteins from the minichromosome maintenance (MCM) 

complex were strongly downregulated as well in stimulated conditions, suggesting at yet 

unknown mechanism of UL35 in the DNA replication machinery. Next, we analyzed the 

proteome of UL35a-expressing cells. However, we could not find proteins that were specifically 

up- or downregulated in stimulated UL35a-expressing cells compared to stimulated ev-cells. 

Therefore, we could not perform a protein enrichment analysis for poly(I:C) stimulated UL35a-

expressing cells. We further looked into the enrichment analysis of unstimulated UL35a-

expressing cells and found enriched proteins involved in lysosomal processes based on their 

KEGG entries (Figure 32D).  

In summary, we performed whole cell proteomics of poly(I:C) stimulated and unstimulated 

HFF-1 stably expressing UL35 or UL35a. We were able to detect 2200 proteins that can be 

used to follow multiple scientific questions related to UL35 and UL35a. We observed 

decreased protein intensities of ISGs in stimulated UL35 cells. Moreover, we got insights into 

the complex host modulation facilitated by UL35 with a potential function in the DNA replication 

machinery. Although we could not find enriched proteins under stimulatory conditions in 

UL35a-expressing cells, the enrichment analysis of unstimulated UL35a-expressing cells 

suggests a potential role in lysosomal processes.  
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Figure 32 Proteomic analysis and functional characterization of UL35. HFF-1 stably expressing ev, UL35 or 

UL35a were either left unstimulated or stimulated with poly(I:C) for 4 hours. Whole cell extracts were subjected to 

LC-MS analysis to measure the global proteome. (A) Volcano plot generated by V. Girault from the proteome data 

shows the protein intensities in mock (left plot) or poly(I:C) stimulated (right plot) UL35 cells compared to the 

corresponding control. Proteins related to IFN pathways are marked in blue. (B) Significant protein intensity changes 

selected from the volcano plot. (C-D) Functional enrichment analysis of UL35- (C) and UL35a- (D) expressing cells 

compared to control cells. Experiments were performed in quadruplicates. Statistics was performed using the two-

sample t-test (significant changes) and the fisher exact test (functional enrichment). KEGG = Kyoto Encyclopedia 

of Genes and Genomes, GOCC = Gene Ontology Cellular Component. 

3.11.2 Identification of novel protein interaction partners of UL35 and UL35a 

In parallel to the whole proteome analysis we performed HA-affinity purification coupled to MS 

to identify protein interaction partners of UL35 and UL35a in unstimulated and stimulated 

conditions. To do this, HFF-1 stably expressing ev, UL35 or UL35a (HA-tagged) were either 

mock or poly(I:C) stimulated for four hours and HA-affinity purification was performed as 

described in section 2.2.6.7 to immunoprecipitate UL35 and UL35a (Figure 33A). We digested 

the samples using LysC/Trypsin and measured the resulting peptides on the LC-MS. 

Measured peptides were aligned to the proteome library for identification. Statistical analysis 

was performed by V. Girault using the two-sample t-test and hits were selected if the –log 

(pValue) was > 1 and the difference to the corresponding control was more that 1.5-fold (Table 

23). We identified two putative protein interaction partners of UL35 that were present in both, 

unstimulated and stimulated conditions (Figure 33A). Interestingly, 20 interaction partners 

were uniquely found in stimulated UL35 expressing cells. In addition, one protein was 

recovered with UL35 and UL35a in stimulated and unstimulated conditions. We also recovered 

10 proteins in unstimulated UL35a expressing cells and 11 proteins in stimulated conditions.  

These results suggest that some protein interactions occur only under stimulated conditions. 

We generated a volcano plot of the interaction partners and labeled published interaction 

partners of UL35 and UL35a in red and new, putative interaction partners in grey. We 

confirmed the known protein interaction of UL35 and VPRBP (DCAF1) in unstimulated and 

stimulated UL35-expressing cells (Figure 33B). In addition, we recovered N-

acetylglucosaminyltransferase (OGT) in UL35-unstimulated cells, a published interaction 

partner of UL35 and UL35a (Salsman et al., 2012). The OGT protein interaction with UL35a 

was also confirmed in UL35a-expressing cells (Figure 33C). While these results validated the 

AP-MS quality, we could not recover all previously reported interactions (e.g. USP7, TNPO3 

and G3BP2) (Salsman et al., 2012).  
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Figure 33 Identification of UL35 and UL35a interaction partners by AP-MS. (A) HFF-1 stably expressing either 

ev, UL35 or UL35a (HA-tagged) were stimulated for 4 hours with poly(I:C) or left unstimulated. UL35 and UL35a 

were immunoprecipitated using HA-agarose beads and subjected to protein digestion. Generated peptides were 

measured by LC-MS/MS to identify putative protein interaction partners of UL35 and UL35a. Preys were statistically 

filtered and entered into a Venn diagram to show common interaction partners between the different groups. 

Numbers represent the amount of proteins found in the corresponding sample group. (B-C) Volcano plot of putative 

interaction partners for unstimulated (left plot) and poly(I:C) stimulated (right plot) UL35-expressing (B) and UL35a-

expressing (C) cells, generated by V. Girault. Red labels indicate known interaction partners and grey labels show 

newly identified preys.  
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Table 23 Putative UL35 and UL35a interaction partners identified by AP-MS. 

HFF-1 UL35 – mock treated 

Gene name Protein name 
unique 

peptides 

sequence 
coverage 

[%] 

-Log 
Welch's 
T-test p-

value 

ARL8B ADP-ribosylation factor-like protein 8B 9 47,3 1,72361 

CTSD Cathepsin D 20 53,2 2,13635 

FTL Ferritin light chain 6 38,3 2,83758 

MAGOH;M
AGOHB 

Protein mago nashi homolog;Protein mago 
nashi homolog 2 

5 39,7 2,05282 

OGT N-acetylglucosaminyltransferase 7 9,7 1,44982 

PSME3 Proteasome activator complex subunit 3 8 37,4 2,44977 

RNPS1 RNA-binding protein with serine-rich domain 1 2 8,9 1,7449 

RPL34 60S ribosomal protein L34 5 29,1 1,58281 

RPS23 40S ribosomal protein S23 4 43,4 1,31836 

TXNDC12 Thioredoxin domain-containing protein 12 5 38,4 2,62064 

UL35 UL35 29 51,6 4,16742 

VPRBP Vpr binding protein, DCAF1 3 3,6 3,2122 

HFF-1 UL35 - stimulated 

Gene name Protein name 
unique 

peptides 

sequence 
coverage 

[%] 

-Log 
Welch's 
T-test p-

value 

BAG2 BAG family molecular chaperone regulator 2 12 61,1 1,5465 

CP Ceruloplasmin 3 3,3 1,36668 

CTSD Cathepsin D 20 53,2 2,50928 

DDB1 DNA damage-binding protein 1 18 16,3 1,85334 

DDX46 Probable ATP-dependent RNA helicase DDX46 19 20,2 1,57695 

DNAJC10 DnaJ homolog subfamily C member 10 6 8,1 2,00676 

EIF3B Eukaryotic translation initiation factor 3 subunit B 15 24 1,79509 

EXOC6B Exocyst complex component 6B 5 6,5 1,67057 

FUS RNA-binding protein FUS 4 10,3 1,59002 

HNRNPUL
2 

Heterogeneous nuclear ribonucleoprotein U-like 
protein 2 

20 30,8 1,33462 

ILF2 Interleukin enhancer-binding factor 2 9 28,7 1,83521 

ILF3 Interleukin enhancer-binding factor 3 34 50,7 1,37907 

MANF 
Mesencephalic astrocyte-derived neurotrophic 

factor 
10 46,2 2,13367 

NUDT21 
Cleavage and polyadenylation specificity factor 

subunit 5 
5 25,1 1,49681 

PRPS1;PR
PS2 

Ribose-phosphate pyrophosphokinase 1, 2 7 31,1 1,75007 

PSME2 Proteasome activator complex subunit 2 11 50,2 1,37272 

RBMX;RB
MXL1 

RNA-binding motif protein, X chromosome 20 44,5 1,7 

RPL34 60S ribosomal protein L34 5 29,1 2,03421 

RPS6 40S ribosomal protein S6 8 29,7 2,11319 

SNRNP70 U1 small nuclear ribonucleoprotein 70 kDa 10 27 1,43326 

SRM Spermidine synthase 6 23,8 1,38624 
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SRSF2 Serine/arginine-rich splicing factor 2 5 27,1 1,43638 

TPI1 Triosephosphate isomerase 18 74,8 1,45929 

U2AF2 Splicing factor U2AF 65 kDa subunit 12 36,4 1,5503 

UL35 UL35 29 51,6 3,54809 

VPRBP Vpr binding protein, DCAF1 3 3,6 2,75584 

 

HFF-1 UL35a – mock treated 

Gene name Protein name 
unique 

peptides 

sequence 
coverage 

[%] 

-Log 
Welch's 
T-test p-

value 

ATP5F1 
ATP synthase F(0) complex subunit B1, 

mitochondrial 
10 45,7 1,39174 

C1QBP 
Complement component 1 Q subcomponent-

binding protein 
5 35,8 1,56728 

COX5B Cytochrome c oxidase subunit 5B, mitochondrial 4 28,7 1,45148 

CTSD Cathepsin D 20 53,2 1,80111 

LMAN1 Protein ERGIC-53 12 37,1 1,39985 

OGT N-acetylglucosaminyltransferase 7 9,7 2,11632 

PSME3 Proteasome activator complex subunit 3 8 37,4 1,89652 

PTRF Polymerase I and transcript release factor 18 42,3 1,6981 

RPL14 60S ribosomal protein L14 7 28,8 1,85042 

RPL32 60S ribosomal protein L32 9 54,1 1,96193 

RPS23 40S ribosomal protein S23 4 43,4 1,45378 

RPS27 40S ribosomal protein S27 5 41,7 1,73457 

SNRNP27 
U4/U6.U5 small nuclear ribonucleoprotein 27 

kDa protein 
5 30,3 1,57432 

TUBA4A Tubulin alpha-4A chain 3 7,6 1,52141 

UL35 UL35 29 51,6 4,2021 

UL35a UL35a 2 16,4 5,58942 

HFF-1 UL35a - stimulated 

Gene name Protein name 
unique 

peptides 

sequence 
coverage 

[%] 

-Log 
Welch's 
T-test p-

value 

APEX1 DNA-(apurinic or apyrimidinic site) lyase 7 30,2 1,3009 

BASP1 Brain acid soluble protein 1 14 73,6 1,34956 

BCKDK 
[3-methyl-2-oxobutanoate dehydrogenase 

[lipoamide]] kinase 
3 9 2,73384 

CARM1 Histone-arginine methyltransferase CARM1 2 4,4 1,4996 

CTSD Cathepsin D 20 53,2 2,36402 

DNAJC3 DnaJ homolog subfamily C member 3 6 16,1 2,14633 

ERGIC1 
Endoplasmic reticulum-Golgi intermediate 

compartment protein 1 
10 41,7 2,62564 

LAMP1 Lysosome-associated membrane glycoprotein 1 8 16,5 1,66184 

MAP4 Microtubule-associated protein 4 29 36,6 1,66057 

OGT N-acetylglucosaminyltransferase 7 9,7 3,36862 

RAD23B UV excision repair protein RAD23 homolog B 7 16,9 1,61162 

RPS6 40S ribosomal protein S6 8 29,7 1,63395 

SERPINE2 Glia-derived nexin 14 40,3 1,4605 
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SLC2A1 
Solute carrier family 2, facilitated glucose 

transporter member 1 
4 8,5 1,46776 

TPI1 Triosephosphate isomerase 18 74,8 1,70333 

UL35 UL35 29 51,6 3,44939 

UL35a UL35a 2 16,4 3,36758 

 

3.12 Studies on DCAF1 and OGT 

In line with previous studies (Salsman et al., 2012), our AP-MS experiment confirmed DCAF1 

as interaction partner of UL35 and OGT as interaction partner of both, UL35 and UL35a. 

Because the functional consequence of these interactions is still not fully understood, we 

further studied their role for the IFN antagonistic function of UL35 and UL35a.  

3.12.1 DCAF1 specifically interacts with UL35 but not with UL35a 

DCAF1 (DDB1-Cul4 associated factor 1), also known as Vpr binding protein (VprBP), was 

previously identified as interaction partner of UL35 (Salsman et al., 2012). As part of an E3-

ubiquitin ligase complex it interacts with the DNA damage-binding protein 1 (DDB1), DET1 and 

DDB1 associated 1 (DDA1) and Cullin 4A (Cul4A) which are involved in many cellular 

processes including cell cycle regulation, DNA repair responses and others (reviewed in 

Schabla et al., 2018). The Cul4 complex is often hijacked by viruses to degrade cellular 

proteins by ubiquitination (S. Zhang et al., 2001). It was shown that HEK293A cells expressing 

UL35 induced a G2 cell cycle arrest dependent on the presence of DCAF1 (Salsman et al., 

2012). In addition, UL35 induced the phosphorylation of γ-H2AX which is an indicator for an 

activated DNA damage response. The induction of γ-H2AX was also dependent on the 

presence of DCAF1. Because DCAF1 dictates multiple cellular processes, we tested whether 

this interaction is needed for the IFN modulation by UL35.  

First, immunoprecipitation experiments were performed with HFF-1 stably expressing either 

ev, UL35, or UL35a that were stimulated with poly(I:C) to mimic the exact conditions we have 

used for the AP-MS approach. HA-agarose beads were used to pull down HA-tagged UL35 or 

UL35a and immunoblotting analysis was performed to test for the interaction with endogenous 

DCAF1 (Figure 34). The immunoprecipitation experiment confirmed the specific interaction 

between UL35 and DCAF1 in both, stimulated and unstimulated conditions. As expected, 

UL35a did not interact with DCAF1. 
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Figure 34 UL35, but not UL35a interacts with DCAF1. HFF-1 stably expressing ev, UL35 or UL35a (HA-tagged) 

were either stimulated with poly(I:C) or mock treated for 4 hours. Subsequently, cells were lysed and subjected to 

immunoprecipitation using HA-agarose beads. Input fractions and IP fractions were used for immunoblotting to test 

for interaction with DCAF1 using antibodies specific for DCAF1, UL35 and actin. Shown is one representative 

experiment out of two. 

Next, luciferase reporter assays in siRNA knockdown cells targeting DCAF1, DDB1 and DDA1 

were performed to investigate the influence of the corresponding proteins on the antagonistic 

effect of UL35 and UL35a. HEK293T cells were transfected with the corresponding siRNAs 48 

hours before transfection of the luciferase assay constructs. For this, either ev, UL35, or UL35a 

were then co-transfected together with TBK1 (stimulated) or ev (unstimulated), pRL-TK and 

IFNβ-luc reporters and luciferase activity was measured 20 hours later (Figure 35A). 

Knockdown with control siRNA (siControl) showed the efficient down-modulation of the IFNβ 

reporter by UL35 and UL35a as previously shown. Knockdown of DCAF1 did not affect the 

antagonistic function of UL35 and UL35a. Similarly, the presence of UL35 or UL35a in DDB1 

and DDA1 knockdown cells downmodulated the IFNβ reporter comparable to siControl cells. 

To validate the knockdown efficiency, IB of the luciferase whole cell lysates was performed 

using DCAF1 and DDB1 antibodies. As expected, DCAF1 was detected in siControl cells but 

DCAF1 expression was completely absent in DCAF1 knockdown cells. The expression of 

DDB1 was strongly reduced in DDB1 knockdown cells compared to control siRNA transfected 

cells. The complete Cul4ADCAF1 E3 ubiquitin ligase complex relies on the scaffold protein Cullin 

4A. To disrupt the full complex, Cullin 4A was targeted by siRNA transfection as before. Also 

in this experiment, UL35 and UL35a antagonized IFNβ reporter activation to equal levels in 

control and Cul4A knockdown cells (Figure 35B). Additionally, the knockdown efficiency for 

Cullin 4A was evaluated by immunoblot.  

In summary, we were able to efficiently deplete DCAF1, DDB1 and Cul4A by siRNA 

transfection. However, the antagonistic effect UL35 and UL35a was not influenced by the 

presence of the aforementioned Cul4ADCAF1 E3 ubiquitin ligase complex members. Therefore 

we conclude that the antagonistic activity of UL35 is uncoupled from its interaction with DCAF1.  
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Figure 35 Knockdown of the Cul4 ubiquitin complex did not affect IFN modulation by UL35 and UL35a. (A) 

HEK293T cells were transfected with control siRNA (siControl) or either siRNA specific for DCAF1, DDB1 or DDA1. 

48 hours later, cells were co-transfected with empty vector (unstimulated) or TBK1 (stimulated), IFNβ-luc, pRL-TK 

and either ev, HA-tagged UL35 or HA-tagged UL35a. 20 hours later, cells were lysed and luciferase activity was 

measured as described before. Whole cell lysates were subjected to SDS-PAGE and immunoblotted using 

antibodies against DCAF1 and DDB1. (B) HEK293T cells were transfected with control siRNA (siControl) or siRNA 

specific for Cullin 4A. Forty eight hours later, cells were co-transfected as described for A. Immunoblotting of 

luciferase lysates was done by α-Cul4A antibody to validate the knockdown of Cul4A. n=2 
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3.12.2 OGT interacts with UL35 and UL35a and GlcNAcylates UL35 in the C-terminus 

The O-linked N-acetylglucosamine (GlcNAc) transferase (OGT) was identified as an 

interaction partner of transiently expressed UL35 and UL35a by Salsman et al., in 2012, the 

same screen that also identified DCAF1. The pan-cellular located OGT catalyzes the reversible 

posttranslational addition of O-linked GlcNAc to Serine and Threonine residues of many 

proteins and often competes with phosphorylation on the same residues. In addition, OGT is 

involved in the modulation of PRR-mediated signaling by regulating NF-κB activation (W. H. 

Yang et al., 2008) and MAVS signaling (Song et al., 2019). Moreover, OGT modifies multiple 

transcription factors which are important for transcription of the HCMV MIEP. Therefore, we 

hypothesized that OGT could also involve the UL35-mediated IFN antagonism.  

To test whether the protein interaction with OGT influences the antagonistic ability of UL35 or 

UL35a, the interaction of UL35 and UL35a with OGT was confirmed by immunoprecipitation. 

In addition, the UL35 homologue M35 as well as the MCMV encoded M27 protein were 

included. As negative control, cells were transfected with an expression vector coding for beta-

galactosidase (LacZ). Interestingly, endogenous OGT co-immunoprecipitated with myc-tagged 

UL35 and UL35a, but not with myc-tagged M35, and not with the control cells LacZ and M76 

(Figure 36A). 
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Figure 36 OGT interacts with UL35 and UL35a and OGT knockdown strongly reduces the cellular IFN 

response. (A) HEK293T cells were transfected with either LacZ, UL35, UL35a, M35 or M76 (all myc-tagged) and 

whole cell lysates were prepared 20 hours later. Immunoprecipitation was carried out using an α-myc antibody and 

proteins were separated by SDS-PAGE. α-OGT, α-myc and α-tubulin antibodies were used for the subsequent 

immunoblotting. (B) HEK293T cells were transfected with control siRNA (siControl) or siRNA targeting OGT. 48 

hours later, cells were co-transfected with IRES-GFP (unstimulated) or cGAS-GFP (stimulated), STING, IFNβ-luc, 

pRL-TK and either ev, HA-tagged UL35, HA-tagged UL35a or V5-tagged M35. 20 hours later, cells were lysed and 

the luciferase activity was measured as described before. Combined data is shown as mean ±SD from 3 

independent experiments. Significance was compared to ev and calculated using the Student’s t-test. Whole cell 

lysates were subjected to SDS-PAGE and immunoblotted for OGT with an α-OGT antibody. ns = not significant, *  

p < 0.05, ** p < 0.01, **** p < 0.0001. This figure was partially taken from Fabits et al., 2020 

To investigate whether OGT is involved in type I IFN modulation by UL35 or UL35a, OGT was 

depleted using siRNA and cGAS-STING IFNβ luciferase reporter assay was conducted. To 

control for the assay, M35 was used as it should be unaffected by OGT. The knockdown 

efficiency was evaluated by SDS-PAGE of whole lysates of the luciferase assay samples. In 

siRNA control transfected cells, OGT expression was unaffected and both, UL35 and UL35a, 

reduced the IFNβ induction compared to empty vector expressing cells (Figure 36B). M35 

served as positive control for the IFNβ inhibition and as expected, we observed a strong 

inhibition of luciferase activity in M35 expressing cells. However, knockdown of OGT resulted 

in a dramatic decrease of the IFNβ reporter activity in all samples. Although UL35a and M35 

still inhibited the reporter significantly, the downmodulation by UL35 was not significant. Based 
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on the overall drop of the reporter activity we were not able to draw a conclusion whether OGT 

is specifically needed for the antagonistic function of UL35 or UL35a.    

The interaction with OGT can result in GlcNAcylation of the interacting protein. Therefore, we 

wanted to assess whether UL35 is post translationally modified by OGT. Additionally, we asked 

the question whether this modification is important for UL35’s ability to inhibit PRR-mediated 

IFN signaling. To test for a possible GlcNAcylation, the protein sequence of UL35 was 

subjected to a software prediction tool to predict potential O-GlcNAcylation sites (YinOYang 

1.2 server, (Gupta & Brunak, 2001) (Figure 37A). Predicted GlcNAcylation hotspots were 

located in the C-terminus of UL35, between aa position 500 and 550. Given the fact that UL35 

and UL35a interact with OGT, the prediction favors the C-terminus as the potential OGT 

interaction domain. To test whether UL35 is indeed GlcNAcylated by OGT, HEK293T cells 

were co-transfected with HA-tagged UL35 and untagged OGT and UL35 was 

immunoprecipitated using an HA-specific antibody. Next, the whole cell lysate (input fraction) 

and the IP fraction were immunoblotted and tested for O-GlcNAcylation with a specific GlcNAc 

antibody (Figure 37B). In this experiment, the O-GlcNAc antibody detected UL35, suggesting 

that UL35 is indeed modified by OGT. As expected, OGT co-precipitated with UL35 and 

therefor validates the immunoprecipitation. To further map the GlcNAcylation site, Serine and 

Threonine residues within UL35 aa position 529-553 which received a high score were mutated 

to Alanine (mutant named as Ala 529-553). In addition, individual Serines and Threonines 

within aa position 529-553 we mutated, resulting in Ala 529-531, Ala 534/537 and Ala 550-553 

(see scheme in Figure 37A). These mutants were included together with UL35 wild type (WT) 

in the immunoprecipitation experiment and the GlcNAcylation status as well as the OGT 

interaction was tested. Surprisingly, Ala A529-553 lost the ability to interact with OGT and no 

GlcNAcylation was detected. When we compared the individual mutants with the UL35 WT 

control, the GlcNAcylation and OGT interaction of Ala A534/537 and Ala A550-553 was 

strongly reduced. The mutant Ala 529-531 showed a comparable GlcNAcylation signal as 

UL35 WT but the signal for co-immunoprecipitated OGT was dramatically decreased. These 

results suggest that the interaction with OGT leads to the GlcNAcylation of UL35 in the C-

terminus. Moreover, we showed that the UL35 residues S534, T537, S550, S551, S552, S553 

are the potential modification sites.  

Next, we asked whether the modification of UL35 is needed for its antagonistic function. To 

test this, a cGAS-STING IFNβ luciferase assay was performed with the different UL35 mutants 

(Figure 37C). As expected, UL35 WT strongly reduced IFNβ reporter activity, but none of the 

mutants lost the ability to modulate IFNβ induction. Therefore, we conclude that the interaction 

of OGT leads to the GlcNAcylation of UL35 in the C-terminus, but neither the interaction nor 

the modification influences the ability of UL35 to modulate the type I IFN response. 
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Figure 37 UL35 is GlcNAcylated in its C-terminus by OGT. (A) Potential GlcNAcylation sites within the UL35 

protein sequences were determined by the YinOYang 1.2 server. Based on high scoring predictions, alanine 

substitution mutants were generated by PCR-based mutagenesis. (B) HEK293T cells were co-transfected with 

untagged OGT together with ev or either HA-tagged UL35 wild type (WT), or the UL35 alanine substitution mutants 

Ala529-553, Ala529-531, Ala 534/537 or Ala550-553. 20 hours post transfection, cells were lysed and HA-tagged 

proteins were immunoprecipitated. Whole cell lysate (Input) and IP fractions were separated by SDS-PAGE and 

immunoblotted with antibodies against O-GlcNAc, anti-OGT and anti-HA. (C) HEK293T cells were transfected with 

expression constructs coding for cGAS and STING (stimulation) or IRES-GFP and STING (unstimulated) together 

with IFNβ luciferase and TK-Renilla and either ev, UL35 WT, Ala529-553, Ala529-531, Ala534/537 or Ala550-553. 

The luciferase reporter activities were determined 20 hours post transfection and the IFNβ fold induction was 

calculated using TK-Renilla values for normalization. Values are shown as mean ± SD from one representative 

experiment of n=2. This figure was adapted from Fabits et al., 2020 
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3.13 UL35 interacts with TBK1 and blocks activation of the STING-TBK1-IRF3 platform 

3.13.1 UL35 affects activation of TBK1 in stimulated fibroblasts 

So far, we have identified UL35 as a novel antagonists of PRR signaling during ectopic 

expression condition and during infection. Although UL35a strongly inhibited the IFNβ reporter 

upon PRR stimulation in luciferase assays, the effect on IFNβ transcription in HFF-1 stably 

expressing UL35a was not convincing.  

To determine if UL35 or UL35a interfere with proteins of the PRR-mediated signaling cascade, 

HFF-1 stably expressing empty vector, UL35 or UL35a were transfected with ISD and cell 

lysates were prepared 0, 30, 60 and 120 minutes later. Whole cell lysates were then 

immunoblotted for important PRR-signaling proteins including the master kinase TBK1 and the 

transcription factor IRF3.  

As early as 30 minutes after ISD transfection, we detected phosphorylated TBK1 in ev, UL35 

and UL35a expressing HFF-1 indicating successful activation of the cGAS-STING pathway 

(Figure 38). 120 minutes post stimulation, the transcription factor IRF3 was phosphorylated in 

ev, UL35 and UL35a -expressing fibroblasts. Quantification of phosphorylated TBK1 and IRF3 

normalized to actin revealed an interesting phenotype: UL35-expressing cells showed reduced 

protein amounts of pTBK1 and pIRF3 at 120 minutes post stimulation compared to ev cells. 

UL35a-expressing cells also showed a slight reduction of pTBK1 and pIRF3, but to a lesser 

extent than UL35-expressing cells.  

In parallel to IRF3, we also followed the activation of NFκB by immunoblotting for IKKα, IKKβ, 

IKKγ and IκBα total proteins. STING activates the kinase complex IKK consisting of IKKα, IKKβ 

and IKKγ. Once the IKK complex is activated, it directly phosphorylates the inhibitor of NFκB, 

IκBα. Phosphorylated IκBα is degraded by the proteasome resulting in the activation and 

nuclear translocation of NFκB. When we compared the expression of the total protein level of 

IKKα, IKKβ, IKKγ and IκBα, we could not find a difference between ev-expressing HFF-1 and 

UL35 or UL35a -expressing HFF-1 at all tested time points. At 120 minutes post ISD 

stimulation, the expression level of IκBα was unaltered, indicating that the pathway was not 

activated at this time point. In line with this observation, ISD stimulation of HFF-1 does not 

trigger p65 nuclear translocation (results not shown), suggesting that ISD transfection does 

not activate NFκB signaling in HFF-1. Taken together, these results suggest that UL35 may 

affect phosphorylation of TBK1 and IRF3 upon cGAS activation.   
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Figure 38 Expression kinetics of PRR signaling proteins in HFF stably expressing UL35 and UL35a. To 

evaluate the effect of UL35 and UL35a on proteins involved in the cGAS signaling, HFF-1 stably expressing empty 

vector (ev), UL35 or UL35a we transfected with ISD. At the indicated time points, cells were lysed in RIPA buffer 

including protease and phosphatase inhibitors and subjected to SDS-PAGE. Immunoblotting was performed using 

antibodies against phosphorylated TBK1 (pTKB1), total TBK1, phosphorylated IRF3 (pIRF3), total IRF3, IKKα, 

IKKβ, IKKγ, IκBα, HA and Actin. Quantification of the band intensities relative to the corresponding Actin band was 

performed using ImageJ. This experiment was performed once. 

3.13.2 UL35 counteracts the phosphorylation of TBK1, STING and IRF3  

We have accumulated evidence that UL35 acts between TBK1 and IRF3 to inhibit the induction 

of type I IFN transcription. First, luciferase reporter assays showed that UL35 inhibits the IFNβ 

reporter upon TBK1, but not IRF3-5D expression. Second, cGAS activation in fibroblasts 

revealed reduced phosphorylation of TBK1 and IRF3 in presence of UL35. We therefore 

hypothesized that the reduced phosphorylation of TBK1 could also affect the downstream 

phosphorylation of STING within the TBK1-STING-IRF3 axis. To test this hypothesis, HFF-1 

stably expressing ev or UL35 were stimulated by ISD transfection and an extended protein 

expression analysis for 2, 4 and 6 hours was performed in order to measure the activation of 

the cGAS signaling pathway. Whole cell lysates were adjusted to equal protein amounts 

between the samples and immunoblotted for pTBK1, pSTING, pIRF3, total TBK1, total IRF3, 

HA and actin. In addition, immunolabeling for phosphorylated STAT1 was conducted as a read 

for IFNAR activation. For comparison, protein bands were quantified relative to actin using the 

ImageJ program. We observed reduced levels of pTBK1 in the presence of UL35 at 2, 4, and 

6 hours after ISD stimulation compared to the corresponding ev control cells (Figure 39A). 

This confirms the observation from the previous experiment regarding the 2h time point (Figure 

38). Similarly, the levels of pIRF3 were strongly reduced in the presence of UL35. In line with 
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our hypothesis, the phosphorylation of STING and STAT1 was strongly diminished in the 

presence of UL35.  

 

Figure 39 UL35 inhibits cGAS signaling at the level of the TBK1-STING-IRF3 axis. HFF-1 stably expressing 

empty vector (ev) or UL35 were either transfected with ISD (A) or infected with HCMV UL35stop at an MOI of 0.1 

(B). Whole cell lysates were prepared at the at the indicated time points using RIPA buffer including protease and 

phosphatase inhibitors. Proteins were separated by SDS-PAGE and immunoblotted with antibodies against 

phosphorylated-TBK1 (pTKB1), total TBK1, phosphorylated IRF3 (pIRF3), total IRF3, phosphorylated STAT1 

(pSTAT1), phosphorylated STING (pSTING), HA and Actin. Quantification of the band intensities relative to the 

corresponding Actin band was performed using ImageJ. Shown is one out of two independently performed 

experiments. This figure was taken and adapted from Fabits et al., 2020. 

Next, we analyzed whether we observe the same phenotype upon HCMV infection. For 

technical reasons, HFF stably expressing empty vector (ev) or UL35 were infected with HCMV 

UL35stop. This way, equal infection between samples could be assured, which is difficult when 

comparing two viruses (WT and UL35stop in this case). HCMV UL35stop-infected cells were 

lysed at 0, 2, 4, and 6 hours post infection and immunoblotted for the same proteins as done 

for ISD stimulated cells. Strikingly, infected HFF-1 stably expressing UL35 showed a clear 

reduction of pTBK1, pSTING, pIRF3 and pSTAT1 compared to the corresponding control cells 

(Figure 39B).  

In summary, we conclude that the presence of UL35 inhibits phosphorylation and thereby 

activation of TBK1 in cGAS -stimulated fibroblasts. The reduced activation of TBK1 affects the 

phosphorylation of STING and IRF3 within the TBK1-STING-IRF3 axis, which diminishes the 

downstream activation of the IFNβ transcription.  
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3.13.3 UL35 interacts with the kinase TBK1 but not with the transcription factor IRF3 

Since we found evidence that UL35 modulates the activation of TBK1, we next asked whether 

UL35 could interact with TBK1. So far, TBK1 was not identified as an interaction partner of 

UL35 in earlier interaction studies (Maschkowitz et al., 2018; Salsman et al., 2012). 

Additionally, TBK1 was not co-precipitated with UL35 in our performed AP-MS experiment. 

However, TBK1 was also not detected in the whole cell proteomics indicating that 

measurements were not sensitive enough to measure proteins with low abundancy. Before co-

immunoprecipitation experiments in HEK293T cells were performed, we tested whether we 

observe a decrease of pTBK1 in the presence of UL35 in this cell line. HEK293T cells were 

co-transfected with IRES-GFP (unstimulated control) or TBK1 together with either ev or UL35 

and cells were lysed 20 hours post transfection in RIPA lysis buffer including protease and 

phosphatase inhibitors. In parallel, IRF3-5D together with either ev or UL35 were co-

transfected to recapitulate the TBK1 and IRF3-5D luciferase assays. Whole cell lysates were 

separated by SDS-PAGE and immunoblotted for pTBK1, total TBK1, pIRF3, total IRF3, anti 

HA (as UL35 is HA-tagged) and Actin (Figure 40). As expected, unstimulated IRES-GFP 

transfected cells showed no expression of pTBK1 and pIRF3. Co-transfection of TBK1 resulted 

in a strong induction of pTBK1 and pIRF3 in ev control cells. In comparison, cells expressing 

UL35 showed diminished expression levels of pTBK1 and pIRF3. As expected, endogenous 

TBK1 and IRF3 were not phosphorylated in cells expressing the constitutively active IRF3-5D 

mutant. This confirms that transfection of IRF3-5D bypasses the activation of TBK1 and IRF3.   

 

Figure 40 UL35 inhibits TBK1 activation in HEK293T cells. HEK293T cells were either transfected with IRES-

GFP (unstimulated), TBK1, or IRF3-5D together with ev or UL35 (HA tagged). 20 hours later, cells were lysed and 

proteins were separated by SDS-PAGE. Expression levels of pTBK1, total TBK1, pIRF3, total IRF3, anti HA and 

actin were analyzed by immunoblotting with the corresponding antibodies. Shown is one representative experiment 

of 3 independent experiments with similar results. This figure was taken and adapted from Fabits et al., 2020 

After we have confirmed that UL35 inhibits TBK1 activation in HEK293T cells, 

immunoprecipitation experiments were performed to investigate whether UL35 can interact 

with TBK1. For this, HEK293T cells were co-transfected with expression constructs for TBK1 

and either ev or UL35 (HA-tagged). Lysates were subjected to immunoprecipitation with an 

anti-HA antibody. Proteins were separated by SDS-PAGE and immunoblotted for TBK1 and 
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UL35 (Figure 41A). As expected, immunoprecipitation of HA-tagged UL35 resulted in an 

enrichment of UL35 in the IP fraction. Moreover, immunoblotting with the anti-TBK1 antibody 

revealed that TBK1 was co-precipitated with UL35 in UL35-expressing cells but not in control 

cells.  

Next, we aimed to immunoprecipitate transfected TBK1 in the presence of UL35 to test whether 

UL35 co-precipitates with TBK1. HEK293T cells were transfected as explained above and 

immunoprecipitation for TBK1 with an anti-TBK1 antibody was performed (Figure 41B). 

Subsequent immunoblotting confirmed precipitation of TBK1 in control and UL35 expressing 

cells, and immunolabeling with an anti-HA antibody revealed that UL35 co-precipitated with 

TBK1 (Figure 41B).  Unfortunately, we did not control for unspecific binding of UL35 to agarose 

beads in this experiment. However, the combined results of both immunoprecipitations (Figure 

41A,B) suggest that UL35 is able to interact with TBK1 in HEK293T cells upon overexpression 

of both proteins. This underlines our hypothesis that UL35 directly targets TBK1 to inhibit its 

phosphorylation and subsequent activation of IRF3.  

Upon cGAS activation, TBK1, STING and IRF3 are in close proximity within the activation 

complex where STING forms the platform to recruit TBK1 and IRF3. Stimulated HEK293T cells 

with overexpressed TBK1 showed a strong reduction of the IFNβ luciferase reporter in the 

presence of UL35. As HEK293T cells are STING deficient, we speculated that STING is not a 

direct target of UL35. For this reason, we did not test for a potential interaction with STING. 

Instead, we asked whether UL35 can interact with IRF3 in addition to TBK1. To answer this 

question, HEK293T cells were transfected with either ev or co-transfected with UL35, IRF3, 

and MAVS. Overexpression of MAVS triggers the activation of transfected IRF3 and its nuclear 

translocation (data not shown). In parallel, UL35 and IRF3-5D were co-transfected into 

HEK293T cells to include the constitutive active form of IRF3 in the same experiment. 

Transfected cells were lysed 20 hours later and subjected to immunoprecipitation using an 

anti-HA antibody to precipitate HA-tagged UL35 (Figure 41C). Immunoblotting for HA-tagged 

UL35 confirmed the successful immunoprecipitation of UL35 in both, UL35/MAVS/IRF3 and 

UL35-/IRF3-5D co-transfected samples. However, IRF3 or IRF3-5D were not detected in the 

co-immunoprecipitated samples.  

These results indicate that UL35 does not interact with constitutively active IRF3. Additionally, 

we showed that UL35 does not interact with IRF3 when co-expressed with MAVS in HEK293T 

cells.  
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Figure 41 UL35 interacts with TBK1 but not with IRF3. HEK293T cells were co-transfected with TBK1 and empty 

vector (ev) or TBK1 and UL35-HA. 20 hours later, cells were lysed and subjected to immunoprecipitation using anti-

HA (A) or anti-TBK1 (B) antibodies. Proteins were separated by SDS-PAGE and immunolabeled with antibodies 

against TBK1 and HA. (C) HEK293T cells were transfected with ev alone or were co-transfected with either HA-

tagged UL35, IRF3, and MAVS or HA-tagged UL35 and IRF3-5D. 20 hours later, immunoprecipitations were 

performed with an anti-HA antibody and subsequently immunolabeled with anti-HA and IRF3 antibodies. (A) n=2, 

(B,C) n=1. Panel A was taken from Fabits et al., 2020 

Taken together, we showed that overexpressed UL35 dampens the phosphorylation of TBK1 

and the subsequent activation of IRF3 in HEK293T cells. In addition, we revealed that 

ectopically expressed UL35 interacts with overexpressed TBK1 but not with IRF3 indicating 

that UL35 could interfere with the activation of the TBK1-STING-IRF3 axis by interaction with 

TBK1.   

3.14 Co-expression studies with other HCMV tegument proteins 

The HCMV tegument layer is defined as the space between the capsid and the lipid envelope. 

About 38 viral proteins have been described to be part of the tegument layer together with 

cellular proteins as well as viral and host-derived RNAs (Kalejta, 2008). In 2004, Schierling et 

al. reported the interaction between UL35 and UL82, both components of the viral tegument. 

In this study, Schierling et al. showed that UL82 and UL35 cooperatively activate the major 

immediate-early enhancer promoter (MIEP) (Schierling et al., 2004). Furthermore, UL82 was 

shown to interact with STING and inhibit its translocation from the ER to the Golgi 

compartment, antagonizing STING-mediated IFNβ transcription (Y.-Z. Fu et al., 2017). Another 

tegument protein, pp65 (encoded by UL83), was shown to downmodulate the type I IFN 

response by targeting cGAS (Biolatti et al., 2017). These examples show that multiple viral IFN 

antagonists counteract innate immune signaling. To gain more insight into the interplay 
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between the tegument proteins UL35, UL82 and UL83, co-expression studies were performed 

and the subcellular localization of these proteins was tracked. Additionally, luciferase reporter 

assays were performed to determine the effect of co-expression on their IFN antagonistic 

activity.  

3.14.1 Subcellular localization of co-expressed UL35, UL82 (pp71), and UL83 (pp65) 

To determine the influence of the presence of multiple tegument proteins on their subcellular 

localization, U-2 OS cells were transiently transfected with UL35, UL82, and UL83 and 

analyzed by immunofluorescence. As a reference, the subcellular localization of singly 

expressed UL35-HA, UL82-myc, and UL83 (untagged) was analyzed. Fixed and permeabilized 

cells were immunolabeled with primary antibodies against HA, myc, and UL83. As observed 

before, singly expressed UL35 showed a nuclear and cytoplasmic localization in U-2 OS cells 

(Figure 42A). UL82 showed a strictly nuclear localization with nucleolar-like speckles (Figure 

42A). Single expression of the major tegument protein UL83 showed a homogeneous 

distribution in the nucleus (Figure 42A).  

Interestingly, co-expression of UL35 and UL82 revealed that UL35 and UL82 co-localize in 

nuclear speckles (Figure 42B). This was also previously described by (Schierling et al., 2004). 

In contrast to the co-expression of UL35 with UL82, co-expression of UL35 and UL83 as well 

as co-expression of UL82 and UL83 showed a comparable localization pattern as observed in 

cells that singly expressed UL35, UL82, or UL83 (Figure 42B).  

Ultimately, all three tegument proteins were co-expressed together. UL35 was nuclear and 

cytoplasmic localized with pronounced nuclear-located speckles co-localizing with the nuclear 

speckles of UL82 (Figure 42C). The expression of UL83 was not influenced by the presence 

of UL35 or UL82.  

In summary, we conclude that co-expression of UL35 and UL82 results in the formation of co-

localizing nuclear speckles that do not occur when the proteins are individually expressed. In 

contrast, the localization of UL83 was not influenced which is not surprising as UL35 and UL82 

have been reported to interact with each other but no interaction was observed with UL83.  
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Figure 42 Co-expression of the HCMV tegument proteins UL35, UL82 and UL83 results in distinct 

localization patterns. U-2 OS cells were transfected with expression constructs of UL35-HA, UL82-myc, and UL83 

either individually (A), in combinations of two (B) or altogether (C). Cells were fixed 24 hours later, permeabilized, 

and immunolabeled with α-HA, α-myc, and α-UL83. Accordingly, secondary antibodies coupled to fluorochromes 

were added and nuclei were stained with DAPI. Images were acquired by confocal microscopy. Scale bars 

represent 10 µm. This experiment was performed once. 
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3.14.2 Effect of UL35, UL82 (pp71), and UL83 (pp65) on PRR signaling 

The type I IFN modulatory capacity of the tegument proteins UL35, UL82 and UL83 raises the 

question whether these proteins show enhanced antagonistic potential when co-expressed, 

which also represents natural infection since all are tegument compartments. To test this, 

luciferase reporter assays were performed as described earlier (Figure 9). HEK293T cells 

were transfected either individually, in combinations of two, or with all the expression 

constructs. For comparison, we kept the amount of transfected DNA equal between all samples 

and substituted with empty vector when applicable. First, the cGAS-STING pathway was 

stimulated by co-expression of cGAS and STING in the presence of the IFNβ luciferase and 

pRL-TK reporters and IFNβ fold induction was determined. As expected, the individual 

expression of UL35 or UL82 downmodulated the IFNβ transcription compared to control cells 

(Figure 43A). For UL83, a moderate reduction of the IFNβ reporter activity was observed 

(Figure 43A). Co-expression of UL35 with UL82 resulted in a similar extent of IFNβ 

downmodulation as upon single UL82 expression. Similarly, co-expression of UL35 and UL83 

downmodulated the IFNβ reporter comparable to cells expressing UL35 (Figure 43A). Co-

expression of UL82 and UL83 did not lead to further reduction of reporter activity compared to 

UL82 expressing cells. Ultimately, the combinatorial expression of UL35, UL82 and UL83 

downmodulated the reporter comparable to UL82 expressing cells (Figure 43A). This data 

shows the antagonistic potential of UL35, UL82 and UL83 upon cGAS-STING stimulation. 

However, we did not detect an enhanced downmodulation when these proteins co-expressed 

under these conditions.  

Next, we tested their antagonistic potential upon RIG-I activation. RIG-I signaling was induced 

by expression of RIG-I N as described in section 2.2.4. As expected, UL35 expressing cells 

clearly downmodulated the reporter activity upon RIG-I N stimulation (Figure 43B). 

Interestingly, UL82 downmodulated IFNβ transcription similar to UL35. This was an 

unexpected finding as UL82 has not been reported yet to inhibit RIG-I signaling. In contrast, 

UL83 did not downmodulate the IFNβ reporter upon RIG-I N stimulation as expected. An 

interesting finding was that co-expression of UL35 and UL82 led to an enhanced reduction of 

the reporter activity compared to individual expression. However, co-expression of UL35 and 

UL83 did not lead to an enhanced effect. Congruently, the combinatorial expression of UL35, 

UL82, and UL83 downmodulated the IFNβ reporter activity as potently as co-expression of 

UL35 and UL82.  

Finally, the antagonistic activity upon TBK1 stimulation was analyzed. As observed earlier 

(Figure 9), UL35 expressing cells inhibited the IFNβ reporter upon TBK1 stimulation (Figure 

43C). Interestingly, UL82 reduced the IFNβ response to levels comparable to UL35 expressing 

cells. In contrast, UL83 did not inhibit the IFNβ reporter (Figure 43C). As observed for RIG-I, 
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UL35 and UL82 co-expression resulted in a stronger downmodulation upon TBK1 stimulation 

as their individual expression. Enhanced downmodulation upon UL83 co-expression with 

either UL35 or UL82 was not observed (Figure 43C). In accordance, co-expressed UL35, 

UL82 and UL83 inhibited the luciferase reporter to an extent as observed for UL35 and UL82 

co-expressing cells. Protein expression was verified by immunoblotting with respective 

antibodies and showed equal expression of the respective tegument proteins (Figure 43D). In 

addition, this shows that the expression of one tegument protein was not influenced by the co-

expression of a second or third tegument protein.  

   

 

Figure 43 IFNβ luciferase reporter assays in cells co-expressing UL35, UL82, and UL83 upon PRR signaling. 

HEK293T cells were transfected with constant amounts of UL35-HA, UL82-myc and UL83 either individually, in 

combination of two or altogether. Empty vector (ev) was used to adjust the total DNA amount to equal levels when 

applicable. In addition, cells were co-transfected with cGAS-GFP (stimulated) or IRES-GFP (unstimulated) and 

STING (A), RIG-I N (stimulated) or ev (unstimulated) (B), or TBK1 (stimulated) or ev (unstimulated) (C) together 

with the IFNβ-luc and pRL-TK reporters. Cells were lysed 20 hours later and luciferase reporter activity was 

determined as previously described. IFNβ luciferase fold induction relative to Renilla was calculated and values are 

shown as means ± SD. Three independent experiments were performed for A, B-D were performed twice. (D) 

Whole cell lysates from stimulated cells were separated by SDS-PAGE and immunoblotted using α-HA, α-myc, α-

UL83, and α-actin antibodies. Shown is one representative experiment from the cGAS-STING luciferase assay.   

Altogether, the results obtained from the immunofluorescence analysis showed that co-

expression of UL35 and UL82 influences their nuclear expression pattern as they form co-
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localizing nuclear speckles. This favors the previous report that UL35 and UL82 interact with 

each other. In contrast, UL83, which is not reported as an interaction partner for UL35 or UL82, 

is pan-nuclear expressed independent of the co-expression of UL35 or UL82. In addition, the 

expression of UL83 did not influence the subcellular localization of UL35 or UL82. The 

luciferase reporter assays confirmed that UL82 antagonizes cGAS-STING signaling but 

showed only a mild effect with UL83 upon cGAS-STING expression which was expected as 

UL83 has been described to target the enzymatic activity of cGAS. Interestingly, an enhanced 

inhibitory effect of IFNβ upon co-expression of multiple tegument proteins upon cGAS-STING 

stimulation was not observed. However, a stronger downmodulation of the IFNβ reporter was 

observed upon co-expression of UL35 and UL82 upon RIG-I and TBK1 stimulation. This raises 

the question whether UL35 and UL82 co-operate during the infection to efficiently dampen the 

PRR signaling. Additionally, these results reveal a yet unknown antagonistic function of UL82, 

which was previously reported as a STING antagonist but not as an antagonist of RIG-I or 

TBK1 signaling.
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4 Discussion 

The ability to successfully evade the hosts’ immune response is one crucial prerequisite for 

CMV to establish life-long infection. Tegument proteins of CMV enter infected cells as 

preformed proteins and are therefore potential tools to dampen the PRR-mediated immune 

response immediately after viral entry into the host cell. It is therefore not surprising that several 

CMV tegument proteins have been characterized to counteract the type I IFN response (e.g. 

M35, UL26, UL31, UL42, UL82, and UL83). Previously, our group identified the MCMV 

encoded tegument protein M35 as an IFN antagonist during infection (Chan et al., 2017).  

Based on the findings for M35, this study aimed to characterize the HCMV homologue UL35 

and the early-late protein UL35a, both encoded by the UL35 ORF, for their potential to 

modulate the PRR-mediated type I IFN response.  

Despite the low amino acid identity (25%) between M35 and UL35, their three-dimensional 

protein structure is predicted to be similar. Interestingly, M35 and UL35 are both tegument 

proteins and translated late during infection. However, the UL35 ORF encodes for a second 

protein, UL35a, which is translated from an additional start codon with early-late kinetics. 

UL35a is identical to the C-terminus of UL35 but is not incorporated into the viral tegument. 

The amino acid identity between M35 and UL35a is low with 11%.   

4.1 UL35 and UL35a downmodulate the type I IFN response downstream of PRR in 

luciferase reporter assays 

First, we started with luciferase reporter assays to characterize the potential antagonistic effect 

of UL35 and UL35a upon PRR stimulation (summarized in Table 24). The cGAS-STING 

signaling cascade is crucial for PRR-mediated recognition of HCMV. For this reason, we tested 

the effect of UL35 and UL35a on the cGAS-STING mediated IFN response. We used HEK293T 

cells, which show high transfection efficiencies but lack the PRR cGAS and the adapter protein 

STING. Therefore, this PRR-mediated signaling cascade was substituted by the co-

transfection of exogenous cGAS and STING. Due to the controversial description of the 

subcellular localization of transfected UL35 (Y. Liu & Biegalke, 2002; Salsman et al., 2011), 

which was partially explained by different protein tags, we decided to test untagged and HA-

tagged UL35 and UL35a, respectively. Additionally, we included both described variants of 

UL35a (UL35a 177 aa, and UL35a long 194 aa) into the assay. We observed that UL35, UL35a 

and UL35a long downmodulated cGAS-STING-mediated activation of the IFNβ reporter 

independent of the presence of the HA-tag (Figure 8A). Therefore, we used HA-tagged 

versions of UL35 and UL35a for further luciferase reporter experiments. We further decided to 

continue only with UL35a 177 aa and not with UL35a long as the shorter UL35a variant was 

identified with early and late kinetics by the ribosome profiling study (Stern-Ginossar et al., 
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2012), which is in line with the original report on UL35a expression kinetics (Y. Liu & Biegalke, 

2002). Based on the accumulating evidence that RLR play a role during DNA virus infection 

(reviewed in Zhao & Karijolich, 2019), we next tested whether UL35 and UL35a inhibit the RIG-

I-mediated transcriptional activation of IFNβ. We discovered that both, UL35 and UL35a 

strongly reduce the activation of the IFNβ reporter upon expression of the constitutive active 

RIG-I N (Figure 9B). In addition, UL35 and UL35a also inhibited activation of IFNβ upon 

overexpression of the RIG-I adapter protein MAVS (Figure 9C). We therefore conclude that 

UL35 and UL35a inhibit the activation of IFNβ downstream of multiple PRRs. We speculated 

that the site of action might be in the nucleus as was seen for M35 because of the reported 

nuclear localization of UL35 and UL35a. However, further reporter assays revealed that UL35 

antagonized TBK1-mediated (Figure 9D), but not IRF3-5D-mediated IFNβ activation (Figure 

9E). In contrast, UL35a inhibited the IRF3-5D-mediated IFN response comparable to M35. 

This finding was surprising and suggested that UL35, UL35a, and M35 use different 

mechanisms to antagonize the type I IFN response. While UL35 may inhibit at the level of 

TBK1-IRF3, UL35a interferes downstream of IRF3. Congruent with this model, the ISG56 

luciferase reporter was not inhibited upon IFNβ treatment by UL35 or UL35a, indicating that 

the antagonistic mode of action is upstream of the IFNAR signaling pathway (Figure 12). 

4.2 UL35 and UL35a use different mechanisms to target the type I IFN response 

We further explored whether UL35 and UL35a also inhibit NFκB-mediated transcription 

(summarized in Table 25). Besides the activation of IRF3, PRR signaling also activates NFκB 

which functions as an important transcription factor for the IFNβ promoter as well as for 

promoters of proinflammatory genes. Additionally, NFκB is an important transcription factor for 

the activation of the CMV MIEP during the immediate-early phase of infection. When a 

luciferase reporter under the control of five NFκB binding sites was used, we observed a 

strongly reduced reporter activation in the presence of UL35 and UL35a upon cGAS-STING 

and RIG-I N signaling (Figure 10). This finding was not surprising as both pathways, cGAS-

STING and RIG-I, activate NFκB besides IRF3. Next, we analyzed the potential modulatory 

function of UL35 and UL35a for TNFα-mediated signaling. To our surprise, UL35 inhibited the 

NFκB reporter upon TNFα stimulation, but UL35a did not (Figure 11A). TNFα-mediated 

activation of NFκB differs substantially from cGAS-STING- or RIG-I-mediated activation. Upon 

ligand binding to the TNF receptor, a complex signaling cascade includes the recruitment of 

TRAF2 and the IKK complex to phosphorylate the IκBα protein and subsequently activates 

NFκB (reviewed in (Wajant & Siegmund, 2019). As this pathway is too complex to draw a 

mechanistic explanation, the pathway was simplified by overexpression of the NFκB subunit 

p65 to determine whether UL35 directly affects the activation of the NFκB reporter downstream 

of activated p65. Interestingly, we obtained results comparable with TNFα stimulation: while 

UL35 inhibited p65-mediated activation of the NFκB reporter, UL35a showed no 
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downmodulation (Figure 11B). These findings suggest that UL35 modulates the type I IFN 

response by two different mechanisms. First, UL35 antagonizes the IFNβ response in the 

cytoplasm at the level of TBK1 or between TBK1 and IRF3. Second, UL35 negatively affects 

NFκB-mediated transcription downstream of p65, suggesting a role in the nucleus. For UL35a, 

we speculate that the antagonistic mechanism should be separated from UL35. UL35a inhibits 

the activation of IFNβ downstream of IRF3-5D, but UL35a did not inhibit p65-mediated 

activation of the NFκB reporter. We hypothesize at this stage that UL35a might interfere with 

IFNβ transcription in the nucleus potentially targeting IRF3, but not NFκB binding sites. 

However, UL35a inhibited the NFκB luciferase reporter downstream of cGAS-STING and RIG-

I which is contradictious to the current hypothesis. More experiments are necessary to decipher 

the mechanism for UL35a. To test whether UL35 and UL35a are able to bind to DNA promoter 

regions, chromatin immunoprecipitations (ChIP) could be performed. ChIP assays depend on 

stable and reproducible in vitro models and on reliable antibodies. Instead of testing for specific 

promoter regions, ChIP assays can be coupled to DNA sequencing (ChIP-Seq) to identify new, 

yet unknown, binding sites. As an alternative, electrophoretic mobility shift assays (EMSA) 

could be used, however, they are more artificial compared to ChIP assays. For EMSAs, it 

would be necessary to have purified, native UL35 and UL35a available.  

Table 24 Summary of IFNβ luciferase reporter assays 

IFNβ-Luc UL35 UL35a M35 

cGAS-STING ↓ ↓ ↓ 

RIG-I N ↓ ↓ ↓ 

MAVS ↓ ↓ ↓ 

TBK1 ↓ ↓ ↓ 

IRF3-5D ↔ ↓ ↓ 

 

Table 25 Summary of NFκB luciferase reporter assays 

NFκB-Luc UL35 UL35a M35 

cGAS-STING ↓ ↓ ↓ 

RIG-I N ↓ ↓ ↓ 

TNFα ↓ ↔ ↓ 

p65 ↓ ↔ n.d. 

 

4.3 Studies of UL35 and UL35a in human primary fibroblasts 

To conduct experiments in an HCMV-relevant cell type, we used HCMV-permissive, human 

primary fibroblasts (HFF-1). While UL35a-expressing HFF-1 grew comparable to control cells, 

HFF-1 stably expressing UL35 showed slower growth. Salsman and colleagues reported that 

HEK293A cells expressing UL35 accumulated in the G2 phase of the cell cycle while UL35a-

expressing cells behaved comparable to control cells (Salsman et al., 2012). Therefore, the 

different growth kinetics between UL35 and UL35a expressing HFF-1 may be explained by a 

disturbed cell cycle in the presence of UL35. To test this hypothesis, cells expressing ev, UL35, 



Discussion  120 

or UL35a could be fixed, permeabilized and stained with DNA dyes as propidium iodide (PI), 

7-aminoactinomycin-D (7-AAD), Hoechst, or DAPI. Stained cells are then measured on a 

FACS machine to quantify the DNA content in a single cell population.  

4.3.1 Subcellular localization of ectopically expressed UL35 and UL35a 

Next, the subcellular localization of UL35 and UL35a was characterized in HFF-1 (Figure 13B). 

Using an HA-specific antibody, we located UL35 in the nucleus and a dimmer signal in the 

cytoplasm. Similarly, UL35a was expressed mainly in the nucleus except for a small amount 

that located to the cytoplasm. The subcellular localization of transfected UL35 and UL35a was 

described previously by multiple groups with inconsistent statements. Liu and Biegalke 

reported a cytoplasmic localization of GFP-tagged UL35 (Y. Liu & Biegalke, 2002), whereas a 

pan-nuclear localization for untagged UL35 was reported by Schierling et al., 2004. Salsman 

and colleagues described a nuclear localization with nuclear bodies for sequential peptide 

affinity (SPA)-tagged UL35 (Salsman et al., 2008). In 2011, the group analyzed the influence 

of different C-terminal epitope tags including SPA and Flag on UL35 and UL35a localization. 

This study reported a primarily nuclear localization for UL35 and UL35a and the appearance 

of nuclear bodies for UL35 (Salsman et al., 2011). To compare untagged UL35 and UL35a to 

C-terminal HA and myc-epitope tagged UL35 and UL35a, we transfected the corresponding 

expression constructs in the human osteosarcoma cell line, U-2 OS, which was also previously 

used by both studies of Salsman (Salsman et al., 2008, 2011). We obtained a primarily pan-

nuclear signal for all UL35 and UL35a constructs, in-line with previous reports. The HA 

antibody produced a noticeable cytoplasmic signal of transfected UL35 and UL35a whereas 

the myc antibody detected UL35 and UL35a exclusively in the nucleus. In some UL35-

expressing cells, we also noticed a nucleolar localization and non-nucleolar located nuclear 

bodies. Overall, our observations are in line with reports made by the labs of Schierling and 

Salsman, and we explain the partially inconsistent reports in the literature by the position of 

the epitope tag, the epitope tags itself, the construction of the tag (e.g. site and size of the 

linker), and the antibody used for the detection. In addition, the cell type may also contribute 

to the subcellular localization.  

Next, we wondered whether a classical nuclear localization sequence (cNLS) contributes to 

the nuclear localization of UL35 and UL35a because a protein interaction between UL35 and 

importin 4 (IPO4) has been previously reported (Salsman et al., 2012). The classical nuclear 

translocation pathway is a complex process involving multiple transport proteins that mediate 

the transport through the large nuclear pore complex (NPC) into the nucleus. While smaller 

proteins (≤ 40 kDa) can passively diffuse through the NPC, bigger molecules are actively 

transported when they carry functional NLS sites. The transport proteins are collectively named 

as β-karyopherins and include various importin and exportin proteins. After the recognition of 



Discussion  121 

the NLS by importin-α, importin-β mediates the interaction with the NPC. Ran-GTPases 

provide the energy during the transport and trigger the conformational change of importin-β to 

release the target protein in the nucleus (Lange et al., 2007). To test whether an NLS is located 

within the UL35 sequence, an online software tool was used which predicted the presence of 

two potential NLS sequences within the C-terminus of UL35. Based on the prediction, multiple 

C-terminal truncations of UL35 were constructed. The truncation mutant UL35ΔC1 missed 

both predicted NLS sites and showed a pan-cellular localization (Figure 15). For this reason, 

we conclude that a functional NLS is involved in the nuclear localization of UL35. Interestingly, 

the truncation mutant UL35N, which lacks the complete UL35a sequence, showed an 

exclusive cytoplasmic localization. Salsman and colleagues used a C-terminal Flag-tagged 

UL35N construct in their studies but showed a nuclear localization of this expression plasmid 

in transfected U-2 OS cells (Salsman et al., 2012). This can be explained because this UL35N 

construct was cloned with an additional N-terminal NLS (Salsman et al., 2011). The 

observation that our UL35N construct located completely in the cytoplasm and that UL35 

showed a partial cytoplasmic localization prompted us to examine the N-terminal sequence in 

more detail. We asked whether a nuclear export sequence (NES) could be responsible for the 

cytoplasmic localization. The process of the nuclear export is reciprocal of the nuclear import 

and involves NES for the recognition of the target protein. The protein sequence of UL35 was 

subjected into an NES prediction tool and identified a potential hydrophobic, leucine-rich NES 

site in the N-terminus of UL35 (Figure 17). We have not followed the experimental evaluation 

of this predicted site but the presence could explain the cytoplasmic localization of UL35N and 

UL35 and one could speculate whether the NES contributes to the integration of UL35 into the 

viral tegument. To test whether the predicted NES is functional, one could mutate the peptide 

sequence to alanine and test the subcellular localization of UL35 in the presence and absence 

of Leptomycin B (LMB). LMB is a specific nuclear export inhibitor (Fukuda et al., 1997) which 

inhibits importin 1, a protein required for the NES-mediated nuclear export (Kudo et al., 1999). 

Next, the C-terminal truncation mutants of UL35 were tested for their potential to inhibit the 

cGAS-STING-mediated IFNβ response. Interestingly, all mutants including the exclusively 

cytoplasmic-localized UL35N antagonized the IFNβ reporter comparable to wild-type UL35 

(Figure 18). For this reason, we conclude that UL35 antagonizes PRR-mediated type I IFN 

signaling from the cytoplasm. However, the constructed mutants completely lack parts of the 

C-terminal region instead of carrying only single amino acid substitutions. This could change 

the three-dimensional protein structure which can result in misleading interpretations. Amino 

acid substitutions for alanine of the target peptide sequence should be considered to minimize 

the likelihood for altered protein structures. The importance of functional NLS sites is reported 

for several CMV proteins (e.g. UL48, UL83) and the mutation leads to a misplaced protein 

localization which often impairs viral growth (Brock et al., 2013; Schmolke et al., 1995).  
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4.3.2 Generation of a UL35-specific monoclonal antibody 

We aimed to study the function of UL35 and UL35a in the context of infection and therefore 

needed a reliable, universal antibody recognizing endogenous UL35 and UL35a. Bonita 

Biegalke and colleagues immunized rabbits with a UL35a peptide and generated antiserum 

recognizing UL35 and UL35a protein (Y. Liu & Biegalke, 2002). The disadvantage of this 

antibody is the simultaneous recognition of both proteins limiting the immunofluorescence 

applicability during viral infection. Ideally, a peptide corresponding to the N-terminus of UL35 

is used for immunization in order to obtain a UL35-specific antibody that will not detect UL35a 

at the same time. Unfortunately, the generation of a UL35a-specific antibody which does not 

recognize UL35 is challenging due to the identical C-terminus of both proteins. For these 

reasons, full length UL35, UL35N and UL35a was cloned into the bacterial expression vector 

pET-28c which was used by our collaboration partner Vanda Juranic Lisnic (University of 

Rijeka) to purify proteins for mouse immunization. However, bacteria transformed with the 

UL35 and UL35N plasmids failed to express the proteins upon IPTG induction, indicating that 

the proteins may be toxic for bacteria. In contrast, UL35a could be induced and expressed 

without problems. Purified UL35a protein was further used to immunize mice and the resulting 

serum was tested by ELISA using UL35a peptides by our collaboration partners. Sera 

generated in the first two immunizations showed a weak response to the UL35a peptide 

indicating a poor immunogenicity. Luckily, the third immunization produced sera recognizing 

the UL35a peptide with high sensitivity. Hybridoma cells were generated by V. Juranic Lisnic 

and tested by me for their applicability in immunoblot, immunofluorescence and 

immunoprecipitation experiments (Table 22). We showed that the hybridoma supernatant 

UL35A0.3 recognized transfected UL35 and UL35a as well as endogenous UL35 by 

immunoblotting (Figure 19). In addition, it also recognizes transfected and endogenous UL35 

by immunofluorescence and can be used to precipitate UL35 for IP studies. In summary, a 

mouse monoclonal antibody recognizing UL35 and UL35a was successfully generated and 

characterized. It needs to be tested, whether UL35A0.3 can be used for additional applications 

such as FACS and ChIP assays. Currently, no antibody specific for UL35 is on the market that 

can be used for UL35 ChIP experiments. In summary, our antibody can be used to study the 

biology of UL35 and UL35a during infection and based on its monoclonal property, only one 

epitope is recognized leading to reproducible and comparable results of experiments.  

4.3.3 UL35 and UL35a reduce IFNβ transcript levels upon PRR stimulation in HFF-1 

To validate the antagonistic function of UL35 and UL35a in primary fibroblasts, cells were 

stimulated by the transfection of ISD to trigger a cGAS-STING mediated IFN response. As 

UL35-expressing HFF-1 had reduced levels of IFNβ transcripts compared to ev control cells 

(Figure 20), we conclude that UL35 is a potential IFN antagonist upon DNA PRR stimulation. 
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In addition to the stimulation of cGAS-STING, the RIG-I pathway was stimulated to assess the 

potential antagonistic function of UL35 and UL35a. First, poly(I:C), which is structurally similar 

to double-stranded RNA and thereby a potent RIG-I agonist, was transfected. When RT-qPCR 

of stimulated HFF-1 was performed, a strong IFNβ induction was observed. However, all tested 

housekeeping genes, including HPRT1, RPL13a, Actin, and GAPDH were strongly regulated 

by the poly(I:C) treatment and therefore IFNβ mRNA levels could not be normalized. 

Alternatively, HFF-1 were infected with the RNA virus Sendai virus (SeV) which belongs to the 

paramyxoviridae family. It was reported that SeV stimulates the RIG-I sensor by its 5’-ppp-

bearing viral genome (Rehwinkel et al., 2010). In accordance with the luciferase reporter assay 

of RIG-I N transfected cells, HFF-1 expressing UL35 or UL35a showed reduced IFNβ transcript 

levels compared to control cells upon SeV infection (Figure 21B). These results confirm the 

antagonistic function of ectopically expressed UL35 and UL35a in human primary fibroblasts 

upon DNA and RNA-stimulation. When HFF-1 stably expressing UL35 or UL35a were 

stimulated with recombinant human IFNβ, no effect on transcription of two ISGs, IFIT3 and 

ISG56, was observed (Figure 22). In accordance with the ISG56 luciferase reporter 

experiment (Figure 12), we draw the conclusion that UL35 and UL35a interfere with the type 

I IFN signaling upstream of the IFNAR signaling.  

When we compared the antagonistic effect of UL35 to UL35a, we noticed that the results 

obtained from UL35a-expressing fibroblasts varied between experiments. The combination of 

experimental repeats resulted in high standard deviations questioning the antagonistic effect 

of UL35a in fibroblasts. Immunofluorescence analysis of UL35- and UL35a-expressing HFF-1 

showed, that the majority of UL35a-transduced HFF-1 showed a strong signal, excluding the 

possibility that lower UL35a expression levels over time were leading to the cause of this 

inconsistency. In contrast, UL35-transduced HFF-1 showed weakened fluorescent signals 

over time, whereas UL35 expression was always detected well by immuniblotting. Hence, 

whether UL35a possess an IFN antagonistic activity still needs to be verified further in the 

context of infection.  

4.3.4 Characterization of tegument-derived UL35 during HCMV infection 

In order to study UL35 in the context of infection, a recombinant HCMV, lacking UL35 

(designated UL35stop) was generated by en passant mutagenesis by E. Elbasani and B. 

Chan. This mutant was constructed such that UL35a should be expressed normally. To obtain 

this mutant, Elbasani and Chan introduced a stop cassette in the beginning of the UL35 ORF 

to terminate translation of UL35 protein. This method has the advantage to specifically target 

one gene of interest without affecting nearby located genes. However, it is necessary to 

carefully evaluate the position of the stop cassette as HCMV encodes proteins on the sense 

(e.g. UL35) and antisense strand (e.g. UL82, UL122-UL123). We have sequence verified the 



Discussion  124 

complete UL35stop BAC genome to exclude possible off-target mutations during the 

mutagenesis procedure. After I reconstituted the virus, the absence of tegument-derived UL35 

was confirmed in purified virus preparations of HCMV UL35stop (Figure 24A).  

In the past, UL35 was described to be important for viral replication and particle formation 

(Schierling et al., 2005). In this particular study, the complete UL35 ORF was deleted from 

HCMV strain AD169, resulting in a recombinant HCMV lacking both, UL35 and UL35a (HCMV 

delUL35). When the group compared viral growth of HCMV WT and HCMV delUL35 by 

immunolabeling for the IE1 protein by IF, they observed an MOI-dependent growth deficit of 

the mutant virus (Schierling et al., 2005). In 2018, the group of Michael Winkler generated a 

UL35-deficient recombinant HCMV (UL35 M1A) by mutating the UL35 start codon for alanine 

(Maschkowitz et al., 2018). In addition, a second recombinant virus was generated with a 

complete deletion of the UL35 ORF. A third mutant was generated by mutating three 

methionines (M448, M449 and M465) of the UL35 ORF resulting in a UL35a-defecient virus. 

Reconstituted viruses were then characterized in viral growth curve experiments by IE1 

immunolabeling. The comparison showed an MOI-dependent, minor grow deficit for UL35 M1A 

virus, whereas the complete lack of UL35 ORF and the UL35a-deficient virus displayed a major 

reduction of viral growth. This indicates that UL35 is not an essential protein whereas UL35a 

is needed for HCMV infection.  

As several studies implied a role for UL35 in the activation of immediate-early gene expression 

(Y. Liu & Biegalke, 2002; Schierling et al., 2004), we decided to titrate our reconstituted HCMV 

WT and UL35stop virus stocks by standard plaque assay where the number of infectious foci 

(plaques) are counted approx. two weeks post infection, and did not solely rely on the IE1 IF 

assay which is often used in the HCMV field to determine viral titers. In order to use equal 

infectious doses of HCMV WT and UL35stop in the subsequent infection experiments, both 

viruses were titrated simultaneously. However, when viral growth kinetics in infected HFF-1 

cells were assessed, immunolabeling for IE1-positive cells was performed. In this assay, 

similar kinetics of HCMV WT and UL35stop were observed (Figure 24B). Notably, although 

we have measured the growth curve titer by IE1 immunolabeling, we originally infected HFF-1 

cells based on the plaque assay titer which differs from the study performed by Maschkowitz 

et al., were the group solely determined viral titers by immunolabeling for the IE1 antigen. 

Different titration methods, the MOI used for infection, and reproducibility between labs can 

influence the outcome of viral growth curve experiments and therefore can explain why we 

observed similar growth kinetics between UL35stop and HCMV WT. 

The IE1 immunolabeling is usually done 48 to 72 hours post infection and overestimates the 

viral titer because not all viral particles that have successfully entered the cell are able to go 

through a full replication cycle. An alternative to classical plaque titration and IE1 
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immunolabeling is the quantification of the viral genome copy number by qPCR. This method 

is routinely used at the MHH Hannover to detect HCMV in clinical samples based on the 

quantification of the HCMV polymerase UL54 (Henke-Gendo et al., 2012). Similar to the 

titration by IE1 immunolabeling, the number of viral genomes in virus preparations cannot be 

used to assess the actual number of infective particles and would overestimate the actual 

infection titer.  

Next, expression kinetics of UL35 and UL35a were characterized and were in line with the 

previously reported study by Liu and Biegalke. UL35 protein expression was observed right 

after infection, could not be detected 24 hours later, and increased from 48 hours (Figure 

24C). The expression of UL35a was weakly detected at 10 hours post infection but increased 

until 96 hours. 

Next, the subcellular localization of UL35 upon infection was analyzed as the cellular 

compartment could indicate the possible site of action for UL35. Whereas a good fractionation 

quality for mock-infected fibroblasts was observed, fractionation of HCMV-infected cells 

resulted in less clear fractions (Figure 25). Especially, the quality of the nuclear fraction of 

infected cells decreased over the time of infection and an increasing amount of cytoplasmic 

tubulin was detected. We observed a fast accumulation of UL35 in the nuclear fraction but we 

also detected UL35 in the cytoplasm. Also at 5 hours post infection, UL35 showed a nuclear 

expression with continuous presence in the cytoplasm. This was an interesting observation 

because the MCMV homologue M35 was detected exclusively in the nucleus 30 minutes post 

infection (Chan et al., 2017). This difference in the localization dynamics upon infection distinct 

M35 and UL35 additionally to the difference that we have observed in the luciferase reporter 

experiments, where M35 inhibits downstream of IRF3-5D but UL35 does not. However, the 

fractionation bears several bottle necks that have to be kept in mind in order to draw validated 

conclusions. First, it may be possible that cytoplasmic UL35 origins from virions that have not 

entered the cell. Similarly, this approach does not determine whether nuclear UL35 has 

actually entered the nucleus -it could also stick outside on the nuclear membrane. Therefore, 

a time course of infected HFF-1 was analyzed by immunofluorescence with z-stacks of infected 

nuclei using the spinning disc confocal microscope (Figure 26). HCMV UL35stop-infected cells 

were included as a control for UL35 expression for two reasons: First, it validates the specific 

detection of tegument UL35 in HCMV WT infected cells. Second, a signal at later time points 

in UL35stop-infected cells indicates the expression of UL35a, and therefore controls the 

timeframe of this experiment. In addition to this control, immunolabeling for the HCMV 

tegument protein UL82 (pp71) was done. This protein should be immediately detected upon 

infection of HCMV WT and UL35stop. Indeed, we found expression of UL35 and UL82 in 

HCMV WT-infected fibroblasts (Figure 26). As expected, in cells infected with HCMV 

UL35stop, only UL82 was detected between 2 and 6 hours post infection, showing that UL35a 
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was not expressed at these early time points. Interestingly, UL35 and UL82 co-localized in 

multiple areas of the cytoplasm and the nucleus. The interaction between UL35 and UL82 has 

been previously reported by Schierling et al., 2004 in immunoprecipitation experiments of 

HCMV-infected fibroblasts 4 and 60 hours post infection. Therefore, is was suggested that 

UL35 and UL82 interact immediately upon infection. Congruently, our data provides more 

indirect evidence of this interaction in the context of infection. Further analysis of the z-stack 

3D reconstruction of infected nuclei showed that the UL35 signal was visible inside the virtually 

cut nucleus 2 hours post infection. At 4 and 6 hours post infection, UL35 accumulated in the 

nucleus but was also visible in the cytoplasm. This data confirmed the fractionation data and 

indicates that UL35 does not completely translocate to the nucleus upon infection. Our findings 

of the functional NLS site and the predicted NES site within UL35 provide a mechanistic 

explanation for the appearance in both, cytoplasmic and nuclear cellular compartments. 

Finally, we hypothesized that in addition to the nucleus, the cytoplasmic compartment could 

also serve as a possible site of action for UL35 to interfere with PRR-mediated signaling upon 

HCMV infection.  

4.3.5 UL35 antagonizes the IFNβ response upon HCMV infection 

After the successful characterization of the UL35-deficient recombinant HCMV, we could test 

whether virus-derived UL35 modulates the type I IFN response. Due to the characterization of 

the HCMV WT and UL35stop virus, we identified the first 6 hours post infection as possible 

time frame for the infection experiments. This time window was set due to the absence of 

UL35a protein expression of HCMV WT and UL35stop- infected cells. The equal viral dose 

between HCMV WT and UL35stop in the inoculum was carefully controlled by two ways: First, 

the inoculum was titrated on HFF-1 and quantified by IE1 immunolabeling (Figure 27A). 

Second, DNA from cells that have been infected with the same inoculum was extracted 4 hours 

post infection and viral genome copy numbers were quantified by qPCR by our collaboration 

partners at the MHH (Figure 27B). Both methods showed the equal input between HCMV WT 

and UL35stop. However, higher genome copy numbers were detected in UL35stop infected 

cells compared to HCMV WT for one out of three experiments. In contrast, the same 

experiment showed an equal IE1 titer between HCMV WT and UL35stop. It needs to be 

mentioned that the qPCR analysis conducted at the institute of virology in Hannover is a very 

sensitive method and amplifies a potential inaccuracy during the DNA isolation step. Therefore, 

and based on the equal IE1 titer, we decided to include this particular experiment in the 

remaining experimental repeats. Next, IFNβ mRNA levels were analyzed of infected cells and 

confirmed that UL35 downmodulates IFNβ transcription upon HCMV infection (Figure 27C). 

Surprisingly, a lower dose of HCMV (MOI of 0.05) resulted in higher mRNA levels of IFNβ 

compared to a higher HCMV dose (MOI of 0.5). We would have expected that the fold induction 

of IFNβ mRNA is direct proportional to the MOI. This opposite effect in our experiments can 
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have multiple reasons. This effect could be the result of an increased protein amount of UL35 

at high MOI infections when compared to low MOI. Other studies suggest that the dose of virus 

infection can have major effects on the type of the antiviral response that is initiated (Zaritsky 

et al., 2015). It could also be that our high MOI infection reached a plateau phase where a 

dose-dependent IFN response is not visible anymore.  

In addition to IFNβ, transcript levels of IL-6 were also determined from infected HFF-1. In 

contrast to IFNβ, levels of IL-6 were not significantly elevated in UL35stop-infected cells. The 

transcription of IL-6 is activated by NFκB and thereby classified as an NFκB-responsive gene 

(Libermann & Baltimore, 1990). Although a tendency of elevated IL-6 levels was observed in 

UL35stop infected cells at a high MOI, the result was not significant. This could indicate that 

the antagonistic effect of UL35 during infection is specific for the induction of IRF3 and does 

not affect the activation of NFκB. More experiments including different MOIs could be done to 

evaluate whether IL-6 expression is influenced by UL35 as this effect could be, as seen for 

IFNβ, MOI-dependent. After the analysis on the transcriptional level, we wondered whether 

UL35 also affects IFNβ production on the protein level. Originally, we ELISA-based 

measurements of supernatants from HCMV infected HFF-1 cells were performed, but IFNβ 

protein could not be detected probably due to sensitivity limitations. Similarly, secreted IFNβ 

from supernatants of ISD-transfected HFF-1 cells could not be detected (data not shown). This 

observation showed that primary HFF-1 cells are poor interferon secretors and other methods 

than ELISA need to be done to evaluate the IFN response on the protein level.  

One possible experiment would be to conduct an IFN bioassay of HCMV-infected HFF-1 cells. 

These assays belong to the most sensitive methods to measure bioactive IFN. The downside 

of this method is that a combination of type I IFNs is assessed at once and it cannot determine 

which type I IFN was secreted. However, certain cells respond more selective to a specific 

type of IFN. For example, human IFNα can be measured using the bovine kidney cell line 

MDBK because these cells are relatively insensitive to human IFNβ and IFNγ. To measure 

human IFNβ, the green monkey kidney cell line Vero can be used due to their low sensitivity 

to IFNα. This method follows the principal that IFN-containing supernatant is incubated with 

the respective target cell line which is subsequently challenged with vesicular stomatitis virus 

(VSV) to induce complete killing of unprotected cells. Cells which were pre-incubated with 

bioactive interferon will be protected against VSV depending on the IFN concentration. As a 

read out, the CPE is measured after fixing and staining the cells with crystal violet.  

Besides the methods mentioned above, the MSD multiplex assay is a highly sensitive method 

that uses Sulfo-tag™ coupled antibodies to detect multiple analytes by 

electrochemiluminescence. We used this method during a secondment at Janssen Vaccines 

& Prevention BV in the Netherlands to measure secreted IFN of HCMV WT and UL35stop-
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infected HFF-1. Thereby, we could show that cells infected with HCMV UL35stop produced 

significantly more IFNβ than cells infected with HCMV WT (Figure 28). Besides IFNβ, the 

multiplex assay included IFNα2a, IFNγ and IFNλ1 but secreted IFNα2a or IFNγ could not be 

detected in infected cells. Interestingly, we also detected the type III IFNλ1 which was similar 

between HCMV WT and UL35stop infected cells. We noticed the different kinetics of IFNβ and 

IFNλ1 congruent with previous reports (reviewed in Hemann et al., 2017). Type I IFN are 

rapidly induced but resolved quickly whereas type III IFN follow a delayed but sustained 

induction. This different kinetics is explained by the differential requirement for IRF and NFκB 

transcription factors between type I and type III IFN. Moreover, it was reported that the 

induction of type I IFN induces the transcription of type III IFN similar to ISGs leading to a feed-

forward mechanism (Ank et al., 2006). When HFF-1 were infected at higher MOI, significant 

higher levels of IFNλ1 were observed in UL35stop infected cells compared to HCMV WT 

infected HFF-1 (data not shown). Indeed, reports have shown that type III IFN restricts HCMV 

replication in human PBMCs (Egli et al., 2014) which shows their antiviral function. Generally, 

it is thought that type III IFN receptors play a cell type dependent role and high receptor 

expression is usually found on epithelial cells, DCs and macrophages (Hemann et al., 2017; 

Jewell et al., 2010).  

HCMV uses different mechanisms to evade the host immune response depending on the cell 

type and therefore it would be interesting to study the antagonistic function of UL35 in 

additional cells. We decided to use the human monocytic leukemia cell line THP1 as an 

infection model of human macrophages. When PMA-matured THP1 cells were infected with 

HCMV WT and UL35stop, the opposite effect on IFNβ transcription was observed (Figure 29). 

Similar to IFNβ, IFIT3 mRNA levels were also lower in UL35stop infected cells compared to 

HCMV WT infection. One reason could be that the infectivity of UL35stop is lower compared 

to HCMV WT in this specific cell type. To determine whether equal infection occurred between 

HCMV WT and UL35stop infected THP1 cells, genome copy numbers were assessed of 

infected cells, but the results were inconclusive since we found higher but also lower genome 

copy numbers in UL35stop infected cells compared to HCMV WT (data not shown). An 

alternative method would be to perform IE1 immunolabeling of THP1 cells in combination with 

nuclear staining to calculate the infection efficiency of both viruses. As we have not performed 

IE1 titrations in THP1 cells, it remains unclear why UL35stop infected cells showed lower IFNβ 

and IFIT3 levels compared to HCMV WT infection. One could speculate that UL35 may be 

important to infect monocytic cells. To test this hypothesis, more experiments like growth curve 

kinetics and titrations are needed.  

Due to the malignant character of THP1 cells, we were interested to perform infection 

experiments in human primary macrophages. We collaborated with Giada Frascaroli from the 

Heinrich-Pette-Institute in Hamburg to infect human PBMC-derived M1 and M2 macrophages 
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with HCMV WT and UL35stop. Interestingly, UL35stop-infected M1 and M2 cells showed 

reduced levels of IFNβ mRNA compared to HCMV WT infection (Figure 30 A,B). These results 

were in line with the previous THP1 infection experiments. The IE1 immunolabeling of 

UL35stop-infected M1 macrophages showed a dramatic loss of cells which was not the case 

when M1 macrophages were infected with HCMV WT. In contrast, we could not observe dead 

M2 macrophages upon infection with HCMV WT or UL35stop. Notably, the IE1 staining of M2 

macrophages revealed a lower infectivity of UL35stop compared to HCMV WT (Figure 30C). 

Why did M1 macrophages die upon infection with HCMV UL35stop? To answer this question, 

one needs to test whether the HCMV UL35stop virus itself was harmful or the VSB buffer that 

is used for resuspending virus preparations influenced the outcome. As the titer of the HCMV 

UL35stop preparation was two-fold lower than the HCMV WT titer, twice of the amount of 

UL35stop was added to the cells for infection without adjusting the level of VSB buffer between 

the samples. It could also be possible that contaminations in the virus preparation negatively 

influenced the experiment. It became obvious that the HCMV reference WT virus, which was 

prepared in the lab of Giada Frascaroli, showed a higher infectivity in both, M1 and M2 

macrophages (data not shown). This virus was grown in a co-culture of endothelial cells and 

HFF-1. In contrast, our virus stocks of HCMV WT and UL35stop were prepared by infection of 

HFF-1. The different virus preparation methods may explain why the HCMV reference WT 

virus showed a higher infectivity compared to HCMV WT and UL35stop. As this experiment 

was only conducted once with only one blood donor, it needs more repetitions to draw final 

conclusions.  

4.4 Mass spectrometry and characterization of cellular interaction partners of UL35 

and UL35a 

Salsman and colleagues performed a similar approach in UL35 and UL35a-transfected 

HEK293A cells and identified several interaction partners of UL35 and UL35a (Salsman et al., 

2012). However, protein interactions involved in the immune modulatory function of UL35 or 

UL35a may be dependent on activated PRR signaling. Therefore, we collaborated with 

Andreas Pichlmair and Virginie Girault formerly from the MPI Munich to perform a mass 

spectrometry-based approach to identify cellular interaction partners of UL35 and UL35a in 

unstimulated and poly(I:C)-stimulated HFF-1 stably expressing UL35 or UL35a. In addition, we 

analyzed changes in the global proteome from the same conditions, which also served as a 

library to allocate measured peptides. While the proteome of control cells and UL35a-

expressing cells was similar, we identified several proteins that were differentially regulated in 

UL35-expressing cells (Figure 31). Proteins, that are involved in similar biological functions 

were grouped to perform a functional enrichment analysis for UL35 and UL35a (Figure 32 

C,D). Accordingly, we identified enriched proteins that are involved in extracellular matrix 

(ECM)- receptor interaction processes. The ECM connects cells within the body and consists 
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of insoluble fibers (e.g. collagen, elastin), adhesion molecules (e.g. fibronectin, lectin) and 

soluble polymers (e.g. proteoglycan and glycoprotein). It has been previously reported that 

HCMV modulates the ECM during infection (Hashimoto et al., 2020; Schaarschmidt et al., 

1999) and several ECM- receptors including EGFR, integrins, PDGFRα and tetherin have been 

described to be important for HCMV entry (Vanarsdall & Johnson, 2012). The interaction of 

HCMV with ECM-receptors and the complex reorganization has been previously revealed 

(Hashimoto et al., 2020) and our results raise the question whether UL35 is involved in this 

process.  

We observed another enriched protein cluster involved in the DNA replication and elongation 

machinery including the minichromosome maintenance (MCM) complex in UL35-expressing 

cells. The MCM complex is crucial during host DNA replication and dictates the cellular 

response to DNA-double strand breaks (Bochman & Schwacha, 2009; Drissi et al., 2018). 

Several HCMV proteins have been described to affect the DNA damage response pathway. 

UL35 has been described to induce a G2 cell cycle arrest in HEK293A cells (Salsman et al. 

2012). Other proteins like HCMV IE1 and pUL69 target the host DNA replication machinery to 

force viral DNA replication (Lu & Shenk, 1999; Murphy et al., 2000). We found a significant 

downregulation of MCM proteins and the proliferating cell nuclear antigen (PCNA) in the 

presence of UL35. Moreover, the replication factor C subunit 2 (RFC2) was strongly 

upregulated in UL35-expressing cells. These observations raise the question whether UL35 

triggers the disruption of cellular DNA replication by modulating MCM proteins. The differential 

expression of these proteins in UL35-expressing cells could also indicate an activated DNA 

damage response. Although UL35 enhanced the phosphorylation of the DNA damage marker 

protein γ-H2AX in HEK293A cells transient expressing UL35 (Salsman et al., 2012), it has not 

been evaluated in the context of infection or in HFF-1 cells. This could be evaluated by 

analyzing the phosphorylation of γ-H2AX in the presence of UL35.  

When we analyzed enriched proteins of UL35a-expressing cells, we observed an enrichment 

of proteins involved in lysosomal processes (Figure 32D). Beltran and colleagues described 

the remodeling of cellular organelles including lysosomes upon HCMV infection (Jean Beltran 

et al., 2016). Lysosomes belong to a complex system for membrane trafficking and HCMV 

uses these organelles to egress from the host and to shape the host metabolism for its own 

benefit. Our data links UL35a with lysosomal processes and opens the question whether 

UL35a is involved in HCMV assembly or secretion mediated by lysosomal processes.  

We further used affinity purification coupled to mass spectrometry and identified several novel 

potential cellular protein interaction partners of UL35 and UL35a (Table 23). Originally, we 

applied less stringent criteria to filter potential interaction partners and we focused on three 

proteins that were recovered in UL35-expressing cells. We performed siRNA knockdown and 
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subsequent luciferase reporter assays of several candidates including Non-POU domain-

containing octamer-binding protein (NONO), Zinc Finger and BTB Domain Containing 20 

(ZBTB20), and DExH-Box Helicase 9 (DHX9) because of their reported role in immune 

signaling and antiviral responses (W. Fu et al., 2019; Lahaye et al., 2018; Xingguang Liu et al., 

2013; Z. Zhang et al., 2011). We observed that UL35-expressing cells still inhibited the IFNβ 

reporter upon siRNA knockdown of the aforementioned proteins (data not shown). In addition, 

we performed co-IP experiments in HEK293T cells and HFF-1 cells using a HA-specific 

antibody to precipitate Ha-tagged UL35. However, we could not confirm the MS-based 

interaction, none of the proteins (NONO, ZBTB20 and DHX9) could be co-precipitated with 

UL35. For this reason, we changed the stringency for the filter criteria of the AP-MS identified 

interaction partners which are shown in Table 23. In line with previous studies, we recovered 

DCAF1 (=VprBP) and OGT in UL35-expressing cells, whereby OGT but not DCAF1 was found 

in UL35a-expressing cells. OGT and DCAF1 have been identified as UL35 interaction partners 

by Salsman and colleagues in a mass spectrometry approach performed in transiently 

transfected HEK293A cells. It was further shown that cells expressing UL35 accumulate in the 

G2 cell cycle phase. Additionally, cells expressing UL35 showed elevated levels of 

phosphorylated γ-H2AX which was dependent on the presence of DCAF1. The 

immunofluorescence analysis of U-2 OS cells expressing UL35 revealed an increase in 53BP1 

foci, indicative for an activated DNA damage response. Therefore, the group concluded that 

UL35 induces DNA damage which leads to a G2 checkpoint activation in a DCAF1-dependent 

manner (Salsman et al., 2012). To evaluate whether DCAF1 is needed for the IFN antagonistic 

function of UL35, we first confirmed the interaction between UL35 and DCAF1 in HFF-1 cells 

(Figure 34). Next, we knocked down all components of the Cul4ADCAF1 E3 ubiquitin complex 

and assessed their role for UL35 in a luciferase reporter assay (Figure 35). We have 

individually targeted the proteins because the interaction of UL35 with DCAF1 and DDB1 does 

not mean that UL35 interacts with the entire Cul4ADCAF1 E3 ubiquitin complex. For example, 

the MCMV protein M27 mediates the proteasomal degradation of STAT2 through the 

interaction with DDB1 (Trilling et al., 2011). As UL35 antagonized the TBK1-activated IFNβ 

reporter without the presence of DCAF1, DDB1, DDA1, or Cul4A, we concluded that the IFN 

modulatory function of UL35 is independent of these proteins.  

Next, we characterized the interaction between OGT and UL35 and UL35a in detail. OGT was 

identified as interaction partner for UL35 and UL35a by Salsman as well. The role of OGT for 

the function of UL35 and UL35a is however still unclear. We first confirmed the specific 

interaction of OGT with UL35 and UL35a in co-IP experiments conducted in HEK293T cells 

(Figure 36A). As OGT interacts with both, UL35 and UL35a, we hypothesized that OGT 

interacts with the C-terminus of UL35. To test this, we included UL35N in co-IP experiments 

and observed that OGT failed to precipitate with UL35N (data not shown). This confirms our 
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hypothesis and maps the interaction with OGT to the C-terminus of UL35. The ubiquitous 

protein OGT is the only known protein that posttranslationally modifies serine and threonine 

protein residues by the addition of O-linked GlcNAc. The reversible modification is highly 

dynamic and described to be akin to phosphorylation events (Comer & Hart, 2000; Wells et 

al., 2004). Often, the same residues compete for either phosphorylation or GlcNAcylation 

which shows the strong relationship between both modifications (Hart et al., 2011). In more 

and more studies, OGT gets also linked to immune signaling processes. A recent study 

showed that influenza A virus (IAV) induces the expression of OGT to GlcNAcylate IRF5 which 

results in a IAV-induced cytokine storm (Q. Wang et al., 2020). It has also been reported that 

the mitochondrial adapter protein MAVS is GlcNAcylated by OGT and that this modification is 

crucial to respond to RNA viruses (Song et al., 2019). Moreover, the GlcNAc modification of 

the NFκB subunit p65 contributes to the dissociation from IκBα and enhances the 

transcriptional activity of NFκB (W. H. Yang et al., 2008). We therefore further focused on OGT 

and performed a siRNA knockdown with a subsequent luciferase assay to assess the role of 

OGT for the antagonistic effect of UL35 and UL35a (Figure 36 B). Interestingly, depletion of 

OGT resulted in a dramatic decrease of the luciferase reporter activity in control, UL35 and 

UL35a-expressing cells. This observation prevented us to conclude whether OGT is needed 

for the antagonistic function of UL35 and UL35a.  

Why do OGT and UL35 or UL35a interact? One possible reason could be that OGT is 

sequestered by UL35 and thereby specific GlcNAcylation events are controlled. Another 

explanation is that UL35 itself is GlcNAcylated by OGT and that this modification is needed for 

the function or stability of UL35. Indeed, our mapping experiments confirmed that UL35 is 

GlcNAcylated by OGT on serine and threonine residues between amino acid positions 534 to 

553 (Figure 37A,B). We were also able to show that the UL35 amino acid positions 529 to 553 

are important for OGT binding. Taken together, we have successfully identified UL35 as the 

second GlcNAcylated HCMV protein besides UL32 (Greis et al., 1994). A luciferase assay with 

UL35 alanine mutants showed, that all mutants inhibited IFNβ luciferase reporter activity 

comparably (Figure 37C). Similarly, the co-transfection of an expression construct coding for 

untagged OGT together with UL35 or UL35a did not enhance the antagonistic activity of UL35 

and UL35a in an IFNβ luciferase assay (data not shown). Hence, we concluded that OGT is 

not required for the IFN antagonistic function of UL35.  

Many important cellular transcription factors are involved in the regulation of the HCMV major 

immediate early gene promoter (MIEP) including NFκB, YY1 and CREB (Hiromura et al., 2003; 

Lamarre-Vincent & Hsieh-Wilson, 2003; W. H. Yang et al., 2008). Moreover, co-expression of 

UL35 and UL82 resulted in an enhanced expression of luciferase under the control of the 

HCMV MIEP promoter (Schierling et al., 2004). For this reason, we speculated that the 

GlcNAcylation or OGT interaction of UL35 could be important for viral gene expression. Hence, 
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wild type UL35 or the UL35 mutant which is unable to interact with OGT (UL35 Ala529-553) 

together with UL82 and the MIEP-luciferase reporter were co-expressed and transcriptional 

activation was assessed (data not shown). Although we observed an enhanced MIEP reporter 

activity of co-expressed UL35 and UL82 compared to their single expression, the UL35 mutant 

Ala529-553 led to comparable promoter induction as WT UL35.  

An interesting study showed that the enzymatic inhibition of OGT leads to reduced HCMV titers 

in human fibroblasts indicating that OGT is required for the successful HCMV replication 

(Angelova et al., 2015). It will be thrilling to further explore the role of OGT and its modification 

for the biological function of UL35. In the end, it remains elusive whether UL35 interacts with 

DCAF1 and OGT during infection. Further experiments including immunoprecipitations in the 

context of infection are therefore needed. To study the interaction between UL35 and DCAF1 

during infection, DCAF1-knockout cells can be generated to compare HCMV WT and UL35 

stop infection. Based on the previous reports, the activation of the DNA damage response 

pathway and the evaluation of a manipulated cell cycle should be investigated in detail. To 

study the UL35-OGT interaction during infection, a recombinant HCMV can be generated 

which contains the UL35 Ala529-553 mutation to prevent OGT interaction and GlcNAcylation. 

It may not be possible to generate viable OGT knockout cells but specific OGT and OGA 

inhibitors can be used to dictate GlcNAcylation events.  

4.5 UL35 interferes at the level of TBK1 activation to downmodulate the type I IFN 

response 

In this study, we have collected evidence that UL35 but not UL35a inhibits PRR signaling at 

the level or downstream of TBK1 but upstream of IRF3 (Figure 9). In addition, we confirmed 

the antagonistic function of UL35 in the context of infection in primary fibroblasts (Figure 27) 

and characterized the subcellular localization of incoming UL35 upon infection (Figure 26). 

We observed that the major portion of UL35 immediately translocates to the nucleus whereas 

a smaller fraction was continuously present in the cytoplasm. In contrast, MCMV M35 was 

shown to rapidly translocate to the nucleus without staying in the cytoplasm (Chan et al., 2017). 

This makes sense as M35 antagonizes type I IFN signaling from the nucleus whereas our 

luciferase assay data suggest that UL35 inhibits PRR signaling in the cytoplasm and thus 

applies a different mechanism than M35. We therefore investigated in detail the activation of 

PRR signaling proteins upon ISD stimulation but we did not observe obvious differences in the 

levels of phosphorylated TBK1 and IRF3 (Figure 38). However, when bands of the 

immunoblots were quantified, a decreased expression of pTBK1 and pIRF3 in UL35-

expressing cells was observed 2 hours post stimulation. In contrast, levels of pTBK1 and pIRF3 

in UL35a-expressing cells were comparable to ev control cells, in line with our observation that 

UL35a inhibits IFNβ transcription downstream of IRF3. We concluded that the kinetics of this 
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particular experiment may not cover the correct time frame to visualize the antagonistic 

function of UL35 on the protein level. Therefore, the time course was expanded to 6 hours and 

an obvious decrease of pTBK1, pSTING, pIRF3 and pSTAT1 levels was observed in 

stimulated as well as in infected UL35-expressing cells (Figure 39). These observations 

underline our hypothesis that the cytoplasmic portion of UL35, which is derived via the 

tegument upon infection, interferes with the activation within the TBK1-STING-IRF3 

signalosome and therefore downmodulates the transcriptional activation of IFNβ. The 

reduction of IFNβ mRNA and protein levels leads to a reduction of downstream IFNAR 

signaling which we have observed by lower levels of phosphorylated STAT1. Due to this 

observation, whole cell lysates of HEK293T cells were analyzed from TBK1- and IRF3-5D 

luciferase reporter assays to evaluate whether this phenotype reflects the strong 

downmodulation of the IFNβ reporter by UL35 upon TBK1 expression. Indeed, phosphorylated 

TBK1 and phosphorylated IRF3 were noticeably reduced in the presence of UL35 (Figure 40). 

The IRF3-5D expression construct encodes for human IRF3 but contains 5 phosphomimetic 

mutations, rendering this protein constitutively active. In addition, it has been shown that this 

construct is expressed in the nucleus whereas wildtype IRF3 is expressed in the cytoplasm 

under resting conditions (Lin et al., 1998; Schwanke et al., 2020). In accordance, transfection 

of IRF3-5D activates the IFNβ reporter without the activation of endogenous TBK1 and IRF3 

in our assays. For this reason, UL35 does not inhibit the IFNβ reporter upon transfection of 

IRF3-5D.  

At this point, we speculated that UL35 could interact with TBK1 to inhibit PRR signaling. 

However, we did not identify TBK1 in our AP-MS analysis. Hence, we evaluated the measured 

proteome where we detected approx. 2200 proteins in total. We noticed that TBK1 was not 

detected in the whole cell proteome in our MS analysis due to the detection limit of this 

experiment. Subsequently, co-IP experiments were performed in both directions and showed 

the interaction between transfected UL35 and TBK1 in HEK293T cells (Figure 41A,B). In 

contrast, UL35 was not interacting with MAVS-stimulated IRF3 or IRF3-5D (Figure 41C). 

HEK293T cells do not express endogenous cGAS and STING (Y. Zhang et al., 2014) and 

therefore we did not test explicitly for the interaction between UL35 and STING. Although these 

data suggests that UL35 binds to TBK1 but not to IRF3, we cannot exclude that this interaction 

is indirect and mediated via another, yet unknown factor. Further experiments need to be done 

to characterize this interaction in detail. Truncation mutants of UL35 can be used to identify 

the crucial interaction domains. At this point, we speculate that the N-terminal part of UL35 

may contain the interaction site for TBK1 as we did not see interaction with UL35a (data not 

shown). Therefore, it would be interesting whether UL35N is able to interact with TBK1 in a co-

immunoprecipitation experiment. In addition, it will be interesting whether the UL35-TBK1 

interaction can be confirmed in the context of infection. We have not tested for an interaction 
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between UL35 and MAVS. MAVS forms, as STING, a signalosome platform with TBK1 and 

IRF3 upon RIG-I stimulation. Therefore, it may be possible that MAVS contributes to the 

association between UL35 and TBK1. Based on our accumulated luciferase data, we think that 

UL35 interferes with the activation of TBK1 independent of STING and MAVS.  

Several herpes viral proteins have been described to antagonize the type I IFN response at 

the level of TBK1 (Stempel, Chan, & Brinkmann, 2019). An example is the HSV-1 protein 

ICP27 which has been shown to associate to the STING-TBK1 signalosome and prevents the 

phosphorylation of IRF3 in human macrophages (Christensen et al., 2016). ICP27 is de novo 

expressed in the nucleus but translocates later to the cytoplasm where it co-localizes with 

STING and TBK1. The authors found that the interaction between ICP27 and STING and TBK1 

was dependent on activated TBK1. Moreover, ICP27 did not affect the activation of TBK1 

suggesting a different mechanism to HCMV UL35. The HSV-1 protein US11 was characterized 

in a study by Liu and colleagues where the authors show that US11 antagonizes the type I IFN 

response by interfering with TBK1 stability (Xing Liu et al., 2018). Mechanistically, US11 

interacts with the heat shock protein Hsp90 and thereby sequesters it from TBK1. It has been 

shown that Hsp90 is important for the stability of TBK1 and IRF3 and facilitates the TBK1-

mediated activation of IRF3 (K. Yang et al., 2006). Consequently, the US11-Hsp90 interaction 

leads to the proteasomal degradation of TBK1 in this study (Xing Liu et al., 2018). In our 

experiments, we did not observe a decrease of total protein levels of TBK1 in the presence of 

UL35. Therefore, we speculate that the UL35-TBK1 interaction does not lead to the 

proteasomal degradation of TBK1 and thereby downmodulates the IFNβ response. Another 

interesting study on the HSV-1 encoded protein UL46 (VP11/12) was presented by You and 

colleagues (You et al., 2019). The authors revealed that UL46 interacts with TBK1 and 

prevents its oligomerization, and thereby antagonizes the activation of TBK1 (You et al., 2019). 

It has been shown that the oligomerization of TBK1 is crucial for the subsequent interaction 

with STING and the following phosphorylation events (C. Zhang et al., 2019). Our observation 

that phosphorylation of TBK1 is decreased in the presence of UL35 indicates a disturbed 

activation of TBK1. It seems likely that UL35 inhibits the oligomerization of TBK1, thereby 

preventing the binding to STING and the subsequent autophosphorylation of TBK1. The 

inhibited autophosphorylation of TBK1 prevents phosphorylation of STING and IRF3. To test 

this hypothesis, the oligomerization of TBK1 in the presence of UL35 can be analyzed by a 

native gel electrophoresis. Another method would be to generate a myc-tagged TBK1 

construct and a V5-tagged TBK1 construct. The oligomerization of TBK1 upon co-transfection 

of both constructs can be monitored by co-IP experiments using a myc-specific antibody and 

the subsequent immunoblotting for associated V5-tagged TBK1. In addition, the interaction 

between TBK1, STING and IRF3 could be analyzed in the presence of UL35. In theory, UL35 
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could prevent the association of the STING-TBK1-IRF3 signalosome as oligomerized TBK1 is 

the pre-requisite for this event.   

4.6 Studies on UL35 in the presence of the tegument proteins UL82 and UL83 

Under natural conditions, HCMV infection leads to the release of multiple viral tegument 

components into the cytoplasm of the host cell. It has been shown that viral tegument proteins 

function in a cooperative manner and often influence each other. One example is the HCMV 

tegument protein UL82. UL82 interacts with UL35 and both together activate the transcription 

of the MIEP in a cooperative manner (Schierling et al., 2004). In addition, co-expression of 

UL35 and UL82 results in the formation of co-localizing nuclear ring structures (Salsman et al., 

2011; Schierling et al., 2004). Based on the reported functional cooperativity between UL35 

and UL82, we were interested to evaluate the IFN antagonistic function upon co-expression of 

UL35 and UL82. In addition to UL82, we included the major tegument component UL83 in our 

analysis. UL83 makes up to 15% of the total protein mass in the tegument although the function 

as a structural component is yet unknown (Varnum et al., 2004). Like UL82, UL83 has been 

reported as an IFN antagonist which targets the enzymatic function of cGAS (Biolatti et al., 

2018). Moreover, UL83 shows a dual role for the regulation of the DNA sensor IFI16 (Biolatti 

et al., 2016). An interesting study investigated the viral tegument composition of a UL83-lacking 

recombinant HCMV and showed that UL35 was the only tegument protein which was enriched 

by 2-fold in this mutant.  

First, the subcellular localization of UL35, UL82 and UL83 upon co-expression in U-2 OS cells 

was analyzed. In line with previous studies (Salsman et al., 2011; Schierling et al., 2004), we 

observed the formation of ring-like nuclear structures upon co-expression of UL35 and UL82 

(Figure 42). In contrast, co-expression of UL83 did not influence the localization of UL35 and 

UL82. The co-localization of UL35 and UL82 can be explained by the interaction of both 

proteins whereas UL83 has not been reported to interact with UL82 or UL35. Salsman 

described in his study that the presence of UL35a led to the accumulation of UL82 in the 

cytoplasm (Salsman et al., 2011). At the same time, UL35a was also expressed in the 

cytoplasm and co-localized with UL82 in form of ring-like structures. Interestingly, we have 

observed similar cytoplasmic ring-like structures of UL35 when UL35-HA was singly expressed 

in U-2 OS cells 48 hours post transfection. At this late time point after transfection, we observed 

several disrupted cells and we concluded that the disruption is due to the cytotoxicity of UL35 

or the transfection reagent. For this reason, cells were fixed 24 hours post transfection to 

preserve intact cells for imaging. It would be interesting whether we can confirm the different 

localization pattern of UL82 and UL35a co-expressed in cells in future experiments.  

Due to the reported IFN antagonistic function of UL82 and UL83, luciferase reporter assays 

were performed with co-expressed UL35, UL82 and UL83 to evaluate a potential co-operative 
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function of these proteins. We could show that UL35, and UL82 markedly decreased the cGAS-

STING-stimulated IFNβ reporter although not in a co-operative manner (Figure 43A). This 

finding does not reflect the reported co-operative manner of co-expressed UL35 and UL82 on 

the MIEP activation. UL83 downmodulated the IFNβ reporter only moderately upon cGAS-

STING overexpression (Figure 43A). The study of Biolatti et al., 2018 showed that UL83 

inhibits the enzymatic function of cGAS. Hence, the overexpression of cGAS and STING would 

mask the antagonistic function of UL83 on cGAS explaining the moderate inhibition in our 

assay. Next, effect upon RIG-I N and TBK1 stimulation was analyzed. Against our 

expectations, singly expressed UL82 downmodulated the IFNβ reporter upon RIG-I N and 

TBK1 transfection (Figure 43B,C). UL82 is reported to affect STING translocation, thereby 

preventing the type I IFN response, but it had no effect upon TBK1 and IRF3-5D transfection 

in an ISRE luciferase reporter assay (Y.-Z. Fu et al., 2017). The contrary findings in our study 

can have multiple reasons and needs further experimental investigation. Together, our findings 

clearly suggest that UL82 has an additional antagonistic function downstream of TBK1. While 

the co-expression of UL83 with UL35 and UL82 did not affect the fold-reduction of the IFNβ 

reporter compared to single expression, we observed a clear difference upon co-expression 

of UL35 and UL82 upon TBK1 stimulation. Whether this effect reflects a co-operative or 

additive manner needs further investigation. Notably, UL82 was reported to enhance the 

transcription of promoters containing AP-1 and ATF cis-acting elements (B. Liu & Stinski, 

1992). Therefore it needs careful evaluation of used gene promoters used for reporter assays. 

However, immunoblotting analysis suggested that expression of UL82 did not decrease the 

expression of co-transfected UL35 or UL83 in our study (Figure 43D). In addition, we did not 

see unusual luciferase activity values.  

4.7 Final remarks and current model 

Finally, we would like to draw a model based on the described findings in this study. We 

identified a novel function for the HCMV tegument protein UL35 as type I IFN antagonist. Upon 

infection, UL35 enters the host as tegument protein and localizes to both, nuclear and 

cytoplasmic cell compartments (Figure 44). Cytoplasmic UL35 interacts with TBK1 and 

interferes with the autophosphorylation of TBK1. As a result, activation of IFNβ transcription is 

diminished. Nuclear UL35 fulfills different functions that have been addressed in other studies. 

Based on our luciferase assay data, UL35 also negatively affects NFκB-mediated transcription. 

Early upon infection, UL35a is expressed and localizes to the nucleus where it may contribute 

to downmodulation of the IFNβ response by a yet unknown mechanism (Figure 44). Although 

this model only provides a simplified view, it clearly shows that HCMV has evolved 

sophisticated mechanisms to ensure a life-long infection.  
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Figure 44 Proposed model of HCMV UL35 and UL35a immune evasion. Upon HCMV infection, nucleic acids 

are recognized by cytosolic PRR such as cGAS. Activated cGAS facilitates the production of 2’3’cGAMP which 

induces the translocation of STING from the ER to the GOLGI compartment. TBK1 gets activated, oligomerizes 

and autophosphorylates itself. Phosphorylated TBK1 binds to and phosphorylates STING dimers. The activated 

signalosome recruits IRF3 which is phosphorylated by TBK1. Phosphorylated IRF3 dissociates from the 

signalosome and dimerizes in order to translocate to the nucleus to activate transcription of type I IFN. UL35a gets 

expressed early in infection and localizes to the nucleus where it downmodulates transcription of IFN by an unknown 

mechanism. This scheme was taken and modified from (Fabits et al., 2020). 
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II. List of abbreviations 

µg microgram 

µL microliter 

5`ppp  5`triphosphate  

53BP1  p53 binding protein 1  

aa  amino acid  

ACN acetonitrile  

AF Alexa fluor 

AIDS  acquired immunodeficiency syndrome  

AIM2 absent in melanoma 2 

APC  antigen presenting cell  

AP-MS  Affinity purification coupled to mass spectrometry 

APS  ammonium persulfate  

ATCC  American Type Culture Collection  

ATF Activating transcription factor 

ATF2  activating transcription factor 2  

ATM  ataxia telangiectasia mutated  

ATP  adenosine triphosphate  

BAC  bacterial artificial chromosome  

BCA  bicinchoninic acid  

BclAF1  BCL2-associated transcription factor 1  

bp  base pair  

BSA  bovine serum albumin  

CAA 2-Chloroacetamide 

CARD  caspase recruitment domain  

CDC  Centers for Disease Control and Prevention  

CDN  cyclic dinucleotides  

cDNA  complementary DNA  

CDV cidofovir 

cGAMP  cyclic guanosine monophosphate-adenosine monophosphate  

cGAS  cyclic guanosine monophosphate-adenosine monophosphate 

synthase  

ChiP  chromatin immunoprecipitation  

CMC  carboxymethylcellulose  

CMV  cytomegalovirus  

CNS  central nervous system  

Co-IP Co-immunoprecipitation 

CPE  cytopathic effect  

CpG  Cytosine triphosphate and guanine triphosphate deoxynucleotide  

CRISPR  clustered regularly interspaced short palindromic repeat  

Ct  cycle threshold  

CTD  C-terminal domain  

C-terminus  carboxy-terminus  

Cul4A Cullin 4A  

cVAC  cytoplasmic assembly complex  

DAI  DNA-dependent activator of IFN-regulatory factor  

DAMP  damage- or danger-associated molecular pattern  

DAPI  4’,6-diamidino-2-phenylindole  

DC  dendritic cell  

DCAF1 = VprBP DDB1-Cul4A associated factor 1  

DDA1  DET1 and DDB1 associated 1  

DDB1  DNA-damage DNA-binding protein 1  
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DDR  DNA damage response  

DDX  DEAD box RNA helicase  

DEPC  diethylpyrocarbonate  

DHX DEAH-box helicase 

DMEM Dulbecco's Modified Eagle's Medium 

DNA  deoxyribonucleic acid  

DNA-PK DNA-dependent protein kinase 

dNTP Deoxyribonucleotide triphosphate 

dpi Days post infection 

dsDNA  double-stranded DNA  

dsRNA  double-stranded RNA  

E  early  

EBV  Epstein-Barr virus  

ECM Extracellular matrix 

EDTA  ethylenediaminetetraacetic acid  

EGFP Enhanced green fluorescent protein 

EGFR  epidermal growth factor receptor  

eIF2A eukaryotic translation initiation factor 2A 

ELISA  enzyme-linked immunosorbent assay  

EMSA Electrophoretic mobility shift assay 

ER  endoplasmic reticulum  

ERGIC  ER-Golgi intermediate compartment  

ESCRT  endosomal sorting complex required for transport  

ev Empty vector 

FACS  fluorescence-activated cell sorting  

FANCI-FANCD2  fanconi anemia I-faconi anema D2  

FCS  fetal calf serum  

FDA  Food and Drug Administration  

FDR False discovery rate 

G3BP2 RasGAP SH3 binding protein 2 

gB  glycoprotein 

GCV ganciclovir 

GFP  green fluorescent protein  

gH  glycoprotein H  

gL  glycoprotein L  

GlcNAc N-acetylglucosamin 

gM  glycoprotein M  

GM-CSF  granulocyte macrophage colony-stimulating factor  

gO  glycoprotein O  

GOCC gene ontology cellular component 

GTP  guanosine triphosphate  

HA  hemagglutinin  

HAUSP  herpesvirus-associated ubiquitin-specific protease  

HCMV  human cytomegalovirus  

HEK  human embryonic kidney  

HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  

HFF-1 human foreskin fibroblast  

HHV  human herpesvirus  

HIV  human immunodeficiency virus  

hpi  hours post infection  

HPRT1 Hypoxanthine phosphoribosyltransferase 1 

hpt Hours post transfection 

HRP Horseradish peroxidase 

HSPG Heparan sulfate proteoglycans 
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HSV  herpes simplex virus  

hu human 

IAV Influenza A virus 

IB  immunoblotting  

IE  immediate early  

IE1  immediately-early protein 1  

IF  immunofluorescence  

IFI16  gamma-interferon-inducible protein 16  

IFIT interferon-induced tetratricopeptide repeats 

IFITM  IFN-inducible transmembrane  

IFN  interferon  

IFNAR  IFNα/β receptor  

IFNLR Interferon lambda receptor 

IgG  immunoglobulin G  

IKK  IκB kinase  

IL  interleukin  

ILC Innate lymphoid cells 

IP  immunoprecipitation  

IPO4  nuclear import factor importin 4  

IPTG Isopropyl β- d-1-thiogalactopyranoside 

IRAK  IL-1 receptor-associated kinase  

IRES Internal ribosomal entry site 

IRF  interferon regulatory factor  

iRHOM2 inactive rhomboid protein 2 

ISD  interferon stimulatory DNA  

ISG  IFN-stimulated genes  

ISRE Interferon stimulatory response element 

IκB  factor of kappa light polypeptide gene enhancer in B-cells 

inhibitor, B  

Jak1  janus kinase 1  

kb Kilo basepairs 

kDa  kilodalton  

KEGG Kyoto encyclopedia of genes and genomes 

KnR  kanamycin resistance  

KSHV  Kaposi`s sarcoma-associated herpesvirus  

L  late  

LacZ  beta-galactosidase  

LAR  Luciferase Assay Reagent  

LFQ Label-free quantification 

LPS  lipopolysaccharide  

LRRFIP1 Leucine-rich repeat flightless-interacting protein 1 

LysC Lysyl Endopeptidase 

MAVS  mitochondrial antiviral-signaling protein  

MCK-2  MCMV-encoded chemokine 2  

MCM minichromosome maintenance 

MCMV  mouse cytomegalovirus  

MCSF  macrophage colony-stimulating factor  

MDA5  melanoma differentiation gene 5  

mDC monocyte-derived dendritic cells 

mDC  myeloid dendritic cells  

MHC  major histocompatibility complex  

MIEP  major immediate-early promoter  

MOI  multiplicity of infection  

MRE11 Double-strand break repair protein MRE11 
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mRNA  messenger RNA  

MS Mass spectrometry 

Mx2  myxovirus resistance 2 protein  

MyD88  myeloid differentiation primary response gene 88  

NB  nuclear body  

NC Nitro cellulose 

ND10  nuclear domain 10  

NES Nuclear export signal 

NF-κB  nuclear factor kappa-light-chain-enhancer of activated B cells  

NK cell natural killer cell 

NLS Nuclear localization signal 

NLS  nuclear localization signal  

NMI N-myc interactor 

NPC Nuclear pore complex 

NS1  nonstructural protein 1  

N-terminus  amino-terminus  

OAS1  2’-5’-oligoadenylate synthetase  

OGT  O-linked N-acetylglucosaminyltransferase  

ORF  open reading frame  

P/S  penicillin/streptomycin  

p65 NF-kappa-B p65 subunit 

PAGE  polyacrylamide gel electrophoresis  

PAMP  pathogen-associated molecular pattern  

PBMC Peripheral blood mononuclear cells 

PBS  Phosphate-buffered saline  

PCR  Polymerase chain reaction  

pDC  plasmacytoid dendritic cell  
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