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Summary 
  
 Viruses have undergone a coevolution with their hosts, resulting in a specific 

adaptation to them. Consequently, many viruses have a limited host range. 

Occasionally, viruses acquire an adaptive mutation, which allows infection and 

replication in a different species as shown recently for the human immunodeficiency 

virus and influenza virus. Cross-species infections are responsible for the majority of 

emerging and re-emerging viral diseases. However, little is known about the 

mechanisms that restrict viruses to a certain host species, and the factors viruses 

need to cross the species barrier and replicate in a different host.  

 Cytomegaloviruses are prototypes of the β-herpesvirus subfamily and are 

highly species specific. They replicate only in cells of their own or a closely related 

species. The molecular mechanism underlying their species specificity is poorly 

understood and was investigated in this study. An initial observation showed that 

murine cytomegalovirus (MCMV) can replicate in human 293 and 911 cells, but not in 

any other human cells tested. Both cell lines are transformed with adenoviral E1 

genes that encode a transcriptional transactivator (E1A) and two suppressors of 

apoptosis (E1B-55k and E1B-19k). This has led to the hypothesis that these 

functions are required for MCMV replication in human cells. Further analysis revealed 

that normal human cells died rapidly after infection of caspase-9-mediated apoptosis. 

Apoptosis induced by MCMV can be suppressed by broad-spectrum caspase 

inhibitors, and virus replication can be rescued, indicating a major role of caspases in 

this process. Furthermore, over-expression of a mitochondria-localized inhibitor of 

apoptosis, a Bcl-2-like protein, prevented apoptosis induced by this virus. Human 

cells resistant to apoptosis allowed also an efficient MCMV replication. The important 

role of Bcl-2-like proteins for cytomegalovirus cross-species infections was 

subsequently confirmed by inserting the corresponding genes, and other inhibitors of 

apoptosis and control genes into the MCMV genome. Only recombinant viruses 

expressing a Bcl-2-like protein were able to replicate in human cells. A single gene of 

human cytomegalovirus encoding a mitochondrial inhibitor of apoptosis was sufficient 

to allow MCMV replication in human cells. Moreover, the same principle facilitated 

replication of the rat cytomegalovirus in human cells. Thus, induction of apoptosis 

limits rodent cytomegalovirus cross-species infection. 
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Zusammenfassung 
 

 Viren durchliefen eine gemeinsame Evolution mit ihren Wirtsorganismen, die 

zu einer spezifischen Anpassung der Viren an ihren jeweiligen Wirt führte. Als Folge 

dessen verfügen viele Viren über ein eng begrenztes Wirtsspektrum. Gelegentlich 

machen Viren Veränderungen durch, die es ihnen erlauben, einen neuen Wirt zu 

infizieren und in ihm zu replizieren, wie dies in jüngster Vergangenheit beim 

humanen Immundefizienz-Virus oder beim Grippevirus geschehen ist. Spezies-

übergreifende Infektionen sind für die meisten neuen und wiederauftauchenden 

Viruserkrankungen verantwortlich. Allerdings ist bisher wenig über die Mechanismen 

bekannt, die Viren auf einen bestimmten Wirt beschränken, und welche Faktoren 

Viren zur Überwindung der Spezies-Barriere und zur Vermehrung in einer neuen 

Wirtsspezies benötigen.  

 Cytomegaloviren sind Prototypen der β-Herpesvirus Unterfamilie und verfügen 

über eine ausgeprägte Spezies-Spezifität. Sie vermehren sich nur in Zellen der 

eigenen oder einer eng verwandten Wirtsspezies. Der molekulare Mechanismus, der 

dieser Spezies-Spezifität zugrunde liegt, ist noch weitgehend unbekannt und stellt 

deshalb das Thema dieser Arbeit dar. Initiale Beobachtungen zeigten, dass sich das 

Maus-Cytomegalovirus (MCMV) ausschließlich in menschlichen 293 und 911 Zellen, 

aber keiner anderen getesteten menschlichen Zelle vermehren ließ. Diese beiden 

Zelllinien sind mit Adenovirus E1-Genen transformiert, die den Transkriptions-

Transaktivator E1A sowie zwei Apoptose-Inhibitoren (E1B-55k und E1B-19k) 

kodieren. Daher lag die Hypothese nahe, dass diese Funktionen benötigt werden, 

um eine MCMV-Replikation in menschlichen Zellen zu ermöglichen. Außerdem 

konnte gezeigt werden, dass normale menschliche Zellen nach Infektion rapide 

absterben, und zwar durch eine Caspase-9-vermittelte Apoptose. Die Induktion der 

Apoptose durch MCMV lässt sich durch Caspase-Inhibitoren unterdrücken, wodurch 

die virale Replikation wiederhergestellt wird. Dies deutet auf eine Schlüsselfunktion 

der Caspasen für diesen Prozess hin. Durch Überexpression eines mitochondrialen 

Apoptose-Inhibitors, d.h. eines Bcl-2-ähnlichen Proteins, in menschlichen Zellen ließ 

sich die Virus-induzierte Apoptose verhindern. Diese Zellen erlaubten ebenfalls eine 

effiziente MCMV-Replikation. Die Bedeutung Bcl-2-ähnlicher Proteine für die 

Spezies-übergreifende Cytomegalovirus-Infektion wurde sowohl durch die 

Integration korrespondierender Gene, alsauch durch die Integration anderer 

Inhibitioren der Apoptose oder von Kontroll-Genen in das MCMV Genom bestätigt. 
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Nur rekombinante Viren, die ein Bcl-2-ähnliches Protein kodieren, konnten in 

menschlichen Zellen vermehrt werden. Ein einziges Gen des humanen 

Cytomegalovirus, das einen mitochondrialen Apoptose-Inhibitor kodiert, reichte aus, 

um eine MCMV-Replikation in menschlichen Zellen zu ermöglichen. Zusätzlich 

konnte gezeigt werden, dass dieselben Prinzipien für eine Replikation des Ratten-

Cytomegalovirus in menschlichen Zellen gelten. Zusammenfassend kann festgestellt 

werden, dass die Induktion der Apoptose eine Spezies-übergreifende Infektion bei 

den Nagetier-Cytomegaloviren einschränkt.  

 



  

 

 

 

 

 

 

Virtually all living organisms, when studied carefully, have viral parasites, and so 

these smallest of living entities exert significant forces on all life forms, including themselves. 

Throughout the times when viruses were just a matter of guess of agents that can pass 

through the unglazed porcelain filters to the modern molecular virology, study of viruses have 

made outstanding contribution for many of the basic biological concepts and molecular tools 

and have helped to improve our world significantly. 
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1. Introduction  

 1.1. Viruses  

Viruses (virus from lat. venom, poison) represent parasitic life forms incapable of 

reproducing in the absence of a living host. Viruses infect all living organisms and, 

like their hosts, they show wide diversity of structures, complexities and lifestyles. 

Currently, the criteria used to cluster individual virus species are: nature of the viral 

genome, strandedness of the viral genome, polarity of the genome, and reverse 

transcription (in addition, two categories have been created for subviral agents and a 

category for unassigned viruses) (Condit, 2001). Following these criteria, the 

International Committee on Taxonomy of Viruses (ICTV) classifies all viruses in nine 

groups: double-stranded DNA viruses, single-stranded DNA viruses, double-stranded 

RNA viruses, negative-sense single stranded RNA viruses, positive-sense single- 

stranded RNA viruses, DNA and RNA reverse transcribing viruses, subviral agents 

(viroids), subviral agents (satellites and prions), and unassigned viruses (Table 1.1) 

(www.ncbi.nlm.nih.gov/ICTVdb).  

 
Table 1.1. Virus taxonomy by ICTV, and some representative virus families and generas 

Viruses 
Class Family  Genus 

dsDNA viruses 
                          

Herpesvirdae  
Poxviridae 
Adenoviridae 

Cytomegalovirus 
Orthopoxvirus 
Mastadenovirus 

ssDNA viruses Parvoviridae Parvovirus 
dsRNA viruses Reoviridae Rotavirus 
negative-sense ssRNA viruses Paramyxoviridae 

Orthomyxoviridae 
Morbillivirus 
Influenzavirus 

positive-sense ssRNA viruses Picornaviridae 
Flaviviridae 

Enterovirus 
Flavivirus 

DNA and 
RNA reverse transcribing 
viruses 

Hepadnaviridae 
Retroviridae 

Orthohepadnavirus 
Lentivirus 

subviral agents: viroids  Pospiviroidae Pospiviroid 
subviral agents: 
satellites  
and prions 

 
ssRNA satellite virus 
Mamalian prions 

Tobacco necrosis 
satellite virus 
Scrapie agent 

unassigned viruses 
            ds:  double-stranded; ss: single-stranded  
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 1.2. Herpesviridae 

The specific architecure of the viral particle (virion) and particular biological 

properties distinguish members of the Herpesviridae family from other viruses and 

families of the dsDNA group. A typical herpesvirus particle (virion) consist of a core 

containing a linear dsDNA (Furlong et al., 1972) surrounded by an icosadeltahedral 

capsid of approximately 100 to 110 nm in diameter containing 162 capsomeres 

(Whalley et al., 1989), and an envelope containing complex viral glycoprotein 

structures (Epstein, 1962; Morgan et al., 1959; Roizman and Furlong, 1974). 

Between the envelope and the capsid is an amorphous, asymmetric matrix 

designated the tegument (Fig. 1.1) (Roizman and Furlong, 1974; Stefan et al., 1997). 

Although, the architecture of the viron is conserved among all herpesviruses, the 

DNA sequences homology can vary from very homolog to the completely diverse. A 

particularly high diversity exists between viruses isolated from poikilothermic and 

homoeothermic animals (Mocarski and Courcelle, 2001).  

 

 
Figure 1.1. Herpesvirus virion architecure. Characteristic  architecture of herpes viruses, e.g. 
Herpes simplex virus 1 and murine cytomegalovirus containing an envelope (E), tegument (T) and 
capside (C) enclosing dsDNA genome. I) Electronmicrograph of a thin section of the HSV1 virions as 
they leave the nucleus of an infected cell; source www.ncbi.nlm.nih.gov/ICTVdb; II) 
Electronmicrograph of a negative-stained HSV1 viron; source www.ncbi.nlm.nih.gov/ICTVdb; III) 
Electronmicrograph of a negative–stained MCMV; Jurak and Baumgartner, W (2005).  

Herpesviruses share a number of distinct biological properties, which are 

based on the very large genome (200 genes) and very complex life cycle. For 

instance, herpesviruses encode for a large spectrum of enzymes involved in nucleic 

acid metabolism and processing of proteins (e.g. thymidine kinase, dUTPase, DNA 

polymerase, helicase, primase, protein kinase). All members of the family replicate 

DNA and assemble capsides in the nucleus, and on the way to the outer membrane 

the virus matures and gets enveloped. A productive infection invariably results in 

C
T
E
 

II) III)I) 
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destruction of the infected cell (Mocarski and Courcelle, 2001). A very important 

characteristic of herpesviruses, particularly from a medical aspect, is their ability to 

establish latency and a persistent, lifelong infection. In cells harboring latent virus, 

viral genomes take the form of closed circular molecules, and only a small subset of 

viral genes are expressed. Latent genomes retain the capacity to replicate and cause 

disease upon reactivation (Cohrs and Gilden, 2001; Jarvis and Nelson, 2002; 

Sissons et al., 2002).  

The members of the Herpesviridae family are subclassified into three 

subfamilies (i.e., the Alphaherpesvirinae, the Betaherpesvirinae, and the 

Gammaherpesvirinae) based on specific biological properties such as host species 

specificity, growth kinetics, the ability to grow in cultured cells, and partially based on 

DNA sequence homology (Davison et al., 2005). The basic characteristics of each 

subfamily are listed in Table 1.2 (according to Roizman and Pellet, 2001).  

Table 1.2. Characteristics of the Herpesviridae subfamilies and representative members 
(adapted from Roizman and Pellet, 2001).  

Alphaherpesvirinae - variable host range;  relatively short reproductive 
cycle;  rapid spread in culture;  efficient destruction of 
infected cells; latent infections primarily but not 
exclusively in sensory ganglia  

- genera Simplexvirus (HSV-1), Varicellovirus (VZV), 
Marek's disease-like virus, and Infectious 
laryngotracheitis-like virus. 

Betaherpesvirinae - restricted host range, long reproductive cycle;  
infection progresses slowly in cell culture; infected 
cells frequently become enlarged (cytomegalia) and 
carrier cultures are readily established; latent form in 
secretory glands, lymphoreticular cells, kidneys, and 
other tissues  

- genera Cytomegalovirus (HCMV), Muromegalovirus 
(murine cytomegalovirus), and Roseolovirus (HHV-6) 

Gammaherpesvirinae - experimental host range is limited to the family or 
order to which the natural host belongs; In vitro, all 
members replicate in lymphoblastoid cells, and some 
also cause lytic infections in some types of epithelioid 
and fibroblastic cells; viruses specific for either T or B 
lymphocytes;  latency  frequently in lymphoid tissue 

- genera: Lymphocryptovirus (EBV), and Rhadinovirus 
(HHV-8). 
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Herpesviruses are widespread in nature, and most of the examined animals 

have yielded at least one herpesvirus. Therefore, it is to be expected that many more 

herpesviruses exist than the 150 identified so far. To date, nine herpesviruses have 

been isolated from humans listed in Table 1.3. (Davison et al., 2005); 

www.ncbi.nlm.nih.gov/Taxonomy). 

Table 1.3. Herpesviruses isolated from humans. 

Human herpesviruses subfamily 

Human herpesvirus  1 or Herpes simplex virus type 1 

Human herpesvirus  2 or Herpes simplex virus type 2  

Human herpesvirus  3 or Varicella-zoster virus  

Human herpesvirus  4 or Epstein-Barr virus  

Human herpesvirus  5 or Cytomegalovirus  

Human herpesvirus  6A, 6B,  

Human herpesvirus  7  

Human herpesvirus  8 or Kaposi Sarcoma-associated HV 

HSV-1 

HSV-2  

VZV 

EBV  

HCMV 

HHV-6A, HHV-6B,  

HHV-7 

HHV-8 

α 

α 

α 

γ 

β 

β 

β 

γ 

  

 1.3. Cytomegaloviruses   

Cytomegaloviruses (CMV) form a distinct subgroup within the herpesvirus family. 

They are widely distributed in nature and characterized by characteristic biological 

properties such as salivary gland tropism, strict species specificity, and slow growth 

in cultured cells (Mocarski and Courcelle, 2001). In the past, cytomegaloviruses were 

also known as a salivary gland viruses (SGV) (Plummer, 1973; Smith, 1954; Smith, 

1956) until the common name was proposed by Weller et al. based on the typical 

cytopathic effect on the infected cells, involving characteristic nuclear and 

cytoplasmic inclusions and cell enlargement (Weller et al., 1960). Human 

cytomegalovirus (HCMV) is a very important human pathogen and a leading cause of 

illness and death in immuno-compromised patients such as organ transplant 

recipients, patients undergoing hemodialysis, patients with cancer, patients receiving 

immunosuppressive drugs, and HIV-infected patients (Graber et al., 2001; Spector et 

al., 1998; Trincado and Rawlinson, 2001). Although, the cytomegaloviruses have 

diverged markedly in different animal species and are regarded as strictly species 

specific, cytomegaloviruses still share remarkable similarities in both, pathobiology 

and organization of their genomes.  
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1.3.1. The Molecular Basis for the Strict Species Specificity of CMVs 

 The molecular mechanisms underlying the species specificity of a virus, i.e. its 

inability to efficiently replicate in heterologous hosts may involve: (1) extrinsic block; 

i.e. the availability of an appropriate entry receptor on the cell surface limits the virus' 

host range (reviewed in Baranowski et al., 2003); or/and (2) intrinsic block; i.e. the 

virus can infect cells of other species but requires species-specific factors (e.g. 

transcription factors) or/and it is unable to subvert host defense mechanisms (i.e. 

innate and adaptive immune responses). For cytomegaloviruses is known that they 

can infect cells of other species, thus there is no a species-specific receptor that 

would limit a cross-species infection (Fioretti et al., 1973; Kim and Carp, 1971; 

Plummer et al., 1969; Reed et al., 1975). However, cytomegaloviruses replicate 

efficiently only in cells of their own or a closely related species (Mocarski and 

Courcelle, 2001), indicating an intrinsic block to virus replication. Phylogenetic 

studies have shown that CMVs speciation (divergation) occurred at the same time as 

did their host speciation, and therefore the strict species specificity of CMVs is 

probably the result of an intimate shared co-evolution with their hosts (McGeoch et 

al., 1995). The molecular basis for CMVs strict species adaptation is completely 

unknown, but it could be a result of the virus' inability to build optimal growth 

conditions in a heterologous host at any level of the viral interaction with the cell and 

the host (e.g. incompatible host cellular machinery; manipulation of the cell cycle; 

inhibition of apoptosis; subversion of innate and adaptive immunity).  

 1.3.1.1. Virus Entry and the Initial Signaling 

Attachment and fusion of the viral particle (virion) with the host cell membrane is a 

complex process that requires interaction of a number of viral glycoprotein 

complexes and cell-surface proteoglycans and receptors. Recently, the epidermal 

growth factor receptor (EGFR) (Wang et al., 2003) and cellular β1 integrins (Feire et 

al., 2004) were recognized as a cellular attachment and signaling coreceptors for 

HCMV. The virus engages multiple receptors and forms a multicomponent receptor 

complex and favorable signaling platform. Within minutes of binding to the cellular 

adapter molecules, the virion initiates a cascade of different physiological responses. 

Initiated cellular signaling is directed toward an optimal replication condition in favor 

of the virus (Albrecht et al., 1991), but triggers also cellular  defense mechanisms, 

which the virus has to subvert (Compton et al., 2003; Tabeta et al., 2004). Cellular 
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signaling early post-infection includes hydrolysis of phosphatidylinositol (4,5)-

biphosphate; transcription of jun, fos and myc, rapid Ca2+ influx; increased levels of 

cAMP and cGMP, stimulation of arachidonic acid (AA) metabolism, generation of 

reactive oxygen species (ROS), increased specific DNA binding activity of NF-κB, 

increased activity of mitogen-activated protein kinase pathways (MAPKs), and many 

other signaling events. Nevertheless, the exact role of these events is not clear, but 

the importance is highlighted by the fact that chemicals that abolish early cellular 

signaling dramatically reduce the efficiency of virus replication (Fortunato et al., 

2000). There is very limited knowledge about CMV entry during cross-species 

infection and the occurrence of early signals. However, it may be assumed that the 

virus is entering cells of other species by similar mechanisms, and that most of the 

early signals would be triggered, but with an uncertainty of the final outcome. Virus 

inability to harmonize a favorable replication condition and sabotage signals that lead 

to an antiviral state may be a reason for the inefficient replication by heterologous 

infection.  

 1.3.1.2. Viral Gene Expression  

Following internalization and translocation to the nucleus of infected cell, the virus 

starts to express its genes using the cellular transcriptional machinery. Regulation of 

viral gene expression is very complex and differs significantly with respect to the 

order and the mechanisms that drive expression in different stages of the viral life 

cycle. The genes expressed in productively infected cells can be divided into four 

categories: α (immediate early) genes, which require no prior viral protein synthesis 

for their expression; the β (early) genes, whose expression is totally independent of 

viral DNA synthesis; γ1 (early-late) genes, whose expression is augmented by the 

onset of viral DNA synthesis; and γ2 (true - late) genes, whose expression depends 

on viral DNA synthesis (Mocarski and Courcelle, 2001). Immediate early gene 

products are required to initiate and control the normal viral life cycle, but also have a 

strong impact on the infected cells like stimulating DNA and RNA synthesis 

(apparently in both permissive and non-permissive cells) (Furukawa et al., 1976; 

Furukawa et al., 1975; Tanaka et al., 1975). It has been shown that immediate early 

products are responsible for the early cytopathic effect (CPE), typical morphological 

changes (rounded cells) of cells infected at high multiplicity of infection (MOI) that 

can be prevented by blocking protein synthesis (Furukawa et al., 1973). It has been 
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reported in a few instances that cytomegaloviruses can express a subset of genes in 

cells of a heterologous host (Fioretti et al., 1973; Kim and Carp, 1972) and induce 

CPE of infected cells, and even limited replication of virus DNA has not been 

excluded categorically. These findings suggest that the virus does not require 

species-specific factors to express, at a certain level, immediate early and early 

genes. However, the virus will not reach extensive replication and production of virus 

progeny.  

 1.3.1.3. Manipulation of the Cell Cycle  

Cytomegaloviruses have a very long, protracted life cycle (e.g. HCMV replicates DNA 

48h post infection; p.i.) and consequently they have to be able to maintain cell 

viability for such an extended period and ensure an optimal environment for 

replication. Human cytomegalovirus alters the cell cycle of infected cells strongly, 

arresting infected cells in G1 to early S phase (Kalejta and Shenk, 2002). The 

molecular mechanisms of cell cycle manipulation are poorly understood, and several 

HCMV proteins have been found in (in)direct interaction with crucial cell cycle 

regulators. This includes the IE1 protein that stimulates expression from E2F-

responsive genes. IE1 phosphorylates E2F-1, -2, and -3, p100 and p107 (the Rb 

family members), and directly binds p107, thereby releasing the E2F transcription 

factor (Poma et al., 1996). The IE1 protein has been found to accelerate the G1 

phase by unknown mechanisms (Castillo et al., 2000). The viral IE2 protein directly 

binds Rb, increases the stability of p53, represses p53 transcriptional activity, and 

sequesters p53 to the cytoplasm (Hagemeier et al., 1994; Muganda et al., 1994; Tsai 

et al., 1996). The ability to block the cell cycle in early S phase, probably by 

decreasing levels of p21 and p27 (inhibitors of cyclin E), is also attributed to the IE2 

protein. In addition to these two immediately early proteins, two tegument proteins, 

pp71 (UL82) and UL69, are involved in cell cycle manipulation (Hayashi et al., 2000; 

Kalejta et al., 2003). As these proteins are incorporated into the virion, they are 

probably the first viral proteins interacting with these cellular regulators. pp71 targets 

Rb for proteasomal degradation and accelerates the cell cycle through the G1 phase 

(Kalejta et al., 2003). UL69 causes a cell cycle block in G1 by an unknown 

mechanism (reviewed in Kalejta and Shenk, 2002). There is no published data about 

the ability of cytomegaloviruses to alter the cell cycle of other species but their own 

hosts. However, several lines of evidences support the idea that different 
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cytomegaloviruses may manipulate the cell cycle in different ways (e.g. MCMV can 

block the cell cycle at the G1 but also at G2 phase; Sebastian Voigt, personal 

communication). It is possible that the inability of a virus to manipulate the cell cycle 

of a heterologous host may be a cause of its inefficient replication.   

 1.3.1.4. Inhibition of Cellular Check Points and Suppression of Apoptosis  

A cell senses a virus infection by an unknown cellular mechanism and triggers 

antiviral defenses that may lead to cell death. Recently, the DNA damage checkpoint 

(DDC) proteins have been suggested as sensors for the viral presence. DDC detects 

DNA damage, i.e. double-stranded breakes and single-stranded DNA stretches, 

caused by physical damaging agents (e.g. radiation) leading to cell cycle arrest and 

apoptosis. The nature of cytomegalovirus DNA replication ("rolling cycle" replication 

resulting in concatameric molecules, (McVoy and Adler, 1994) should result in 

multiple exposed DNA ends that could be recognized by the DDC. Several lines of 

evidences have arisen recently to support this hypothesis showing activation and 

modulation of DDC by polyomavirus, adenovirus, herpes simplex virus 1, Epstein-

Barr and HCMV (Araujo et al., 2005; Dahl et al., 2005; Gaspar and Shenk, 2006; 

Kudoh et al., 2005; Shirata et al., 2005). HCMV escapes from the consequences of 

activated DDC by mislocalizing the check point proteins ataxia-telangiectasia 

mutated (ATM) and checkpoint kinase (Chk) from the nucleus to cytoplasm (Gaspar 

and Shenk, 2006).  

 Despite its ability to subvert and overcome some of the cellular recognition 

points, cytomegalovirus requires a set of proteins to suppress intracellular and 

extracellular apoptotic signals (Goldmacher, 2005) including the expression of 

caspase inhibitors and Bcl-2 homologs (mitochondria-localized inhibitors of 

apoptosis).  

1.3.1.4.1. Inhibition of Caspase 8 Activation  
 Cytomegaloviruses encode a viral inhibitor of death receptor-associated 

caspase-8(FLICE)-induced apoptosis (vICA), a gene product expressed with 

immediate early kinetics. vICA does not have any sequence homology to the cellular 

FLICE-inhibitory proteins (cFLIPs) or virally encoded homologous proteins (vFLIP) 

(Skaletskaya et al., 2001). Interestingly, all betaherpesviruses encode highly 

conserved vICA homologs, and they are the only viruses found to encode vICA 

homologs (Goldmacher, 2005). vICA suppresses apoptosis triggered extrinsically, 
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including ligation of death receptor Fas, tumor necrosis factor receptor-1 (TNFR-1) 

and TNF-related apoptosis-inducing ligand (TRAIL) (Skaletskaya et al., 2001). 

Ligation of these receptors leads to recruitment of pro-caspase 8 to the cytoplasmic 

portion of Fas through the Fas-associated death domain (FADD) adaptor protein. 

Recruitment leads to proteolytic processing and activation of caspase 8 (proteolytic 

activation is characteristic of all caspases), which will direct the death signal towards 

effector caspases 3, 6, and 7 and cell death (Scaffidi et al., 1998). vICA constitutively 

associates with pro-caspase 8 and prevents its recruitments to FADD and 

subsequent activation of caspase 8. However, vICA functions in a manner similar to 

cFLIP or vFLIPs but represents a unique class of caspase 8 inhibitors.  

1.3.1.4.2. Inhibition of Mitochondria-Mediated Apoptosis 
 Intrinsic apoptotic signals and a branch of the extrinsic apoptotic signals 

culminate at the mitochondrial membrane, where death signals multiply and activate 

effector caspases that will lead to cell death. In order to subvert these signals, 

viruses encode proteins that localize to mitochondria and interact with cellular pro-

apoptotic effectors. Human cytomegalovirus encodes a mitochondria-localized 

inhibitor of apoptosis, vMIA (gene product of the UL37x1 gene), that binds and 

sequesters Bax, but not Bak at mitochondria in form of high-molecular weight mixed 

aggregates. These proteins are pro-apoptotic members of the Bcl-2 family, defined 

by inclusion of at least one of four distinct Bcl-2 homology (BH) domains (Cory and 

Adams, 2002). Proapoptotic proteins, such as Bak or Bax, induce mitochondrial 

membrane permeabilization (MMP) and subsequent activation of caspase 9 leading 

towards apoptosis. 

 vMIA interferes also with the MMP induced by proapoptotic members of the 

Bcl-2 family containing only one of four BH domains, BH3-only-death-factors (e.g. 

Bid, Bim, Noxa) that are important in the extrinsic signaling of apoptosis (Arnoult et 

al., 2004; Goldmacher et al., 1999; Poncet et al., 2004).  

 vMIA suppresses apoptosis triggered by a variety of cytotoxic effectors such 

as ligands of death effectors, cytotoxic chemical compounds, and infection with E1B-

19k-defficient adenovirus (reviewed in Goldmacher, 2005).  Although, the mode of 

action of vMIA is similar to the anti-apoptotic members of the Bcl2-family (Bcl-2, Bcl-

XL), vMIA does not show significant sequence similarities to cellular proteins, and is 

referred to as a functional analog of Bcl-2 (Goldmacher et al., 1999). The fact that 

HCMV deficient for UL37x1 gene has a severe growth defect as a result of strong 
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induction of apoptosis in infected cells, emphasize the importance of suppression of 

this innate host response (Reboredo et al., 2004). The UL37 gene of HCMV encodes 

a complex profile of differentially spliced mRNAs and protein products, and most of 

them contain the vMIA-encoding region, UL37 exon 1 (UL37x1) (Adair et al., 2003). 

gpUL37, a predominantly expressed splice variant of vMIA was observed primarily at 

mitochondria but also at the endoplasmic reticulum, Golgi apparatus, and the plasma 

membrane, confirming the prediction from its sequence to be an integral membrane 

protein (Kouzarides et al., 1988). However, the mechanism of association of vMIA 

with the mitochondrial membrane, and modes of its action remain elusive.  

Interestingly, homologs of vMIA have been found only in primate CMVs. 

Rodent or other CMVs and non-CMV betaherpesviruses do not have any overt 

homologs of vMIA. Recently the murine cytomegalovirus gene m38.5 has been 

identified as a possible functional analog of vMIA, a mitochondria localized inhibitor 

of apoptosis. The m38.5 protein protects from apoptosis induced by proteasome 

inhibitors, but shows no significant protection from Fas-induced apoptosis. This 

suggested a function similar to vMIA, but the exact role of m38.5 is still to be 

determined (McCormick et al., 2005; McCormick et al., 2003). The lack of an inhibitor 

of apoptosis that is functional in different species cells could result in premature cell 

death, which would limit efficient virus replication. 

1.3.1.4.3. Other Modes of Cell Death Suppression by Cytomegalovirus 
 HCMV, MCMV and related viruses like herpes simplex virus (HSV) activate 

the transcription factor NFκB, a protein with a well-established role in suppression of 

apoptosis (Beg and Baltimore, 1996; Goodkin et al., 2003; Gribaudo et al., 1996; 

Yurochko et al., 1995), but the exact role of this up-regulation for survival versus 

apoptosis of infected cells is not clear.  

The intracellular levels of p53 are greatly up-regulated several hours after 

HCMV infection (Muganda et al., 1994) and under other circumstances this would 

lead to a cell cycle block and apoptosis (Deng and Wu, 2000). It is not clear how 

CMVs subverts accumulation of p53, and the available data is inconclusive and, to a 

certain degree, contradictory. However, there are several reported interactions 

including CMV-controlled exclusion of p53 from the nucleus of infected cells (Kovacs 

et al., 1996), direct inactivation of p53 by the CMV-encoded immediate early protein 

IE2 (Tsai et al., 1996), transcriptional up-regulation of ΔN-p73, a dominant-negative 

isoform of p73, which inhibits activities of p53 and p73 (Allart et al., 2002).  
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It was reported that immediate early IE1 and IE2 transcriptional transactivators 

of HCMV have certain anti-apoptotic activity in protecting cells from apoptosis 

triggerd by TNF-α, an E1B-19k-deficient adenovirus, and etoposide (Zhu et al., 

1995), but results were contradicted in other reports (Goldmacher et al., 1999). 

MCMV encodes a Golgi-localized anti-apoptotic protein, m41, whose exact 

function and mode of action has not yet been determined (Brune et al., 2003). m41-

deficient MCMV mutants induce premature death of infected murine fibroblasts, 

endothelial, and bone marrow stromal cell, unlike the wild-type of virus, suggesting 

an important role for efficient replication.   

 MCMV encodes another protein, M45, that is required to inhibit premature 

apoptosis of infected cells. Interestingly, M45-deficinet MCMV induces cell death in 

murine endothelial cells, but not in fibroblasts, bone marrow stromal cell, or 

hepatocytes (Brune et al., 2001). Moreover, the M45 mutant virus is avirulent even in 

severely immune-deficient SCID-mice (Lembo et al., 2004). However, M45 did not 

protect human HeLa cells from Fas-induced apoptosis (Goldmacher, 2005). The 

mechanism of apoptosis suppression by M45 and its specific importance for 

replication in endothelial cells is not known. The M45 gene shares partial homology 

with the R1 subunit of cellular and viral ribonucleotide reductases. Remarakably, an 

anti-apoptotic activity has also been demonstrated for the R1 homolog of HSV-2 

(Langelier et al., 2002). However, M45 does not show enzymatic ribonucleotide 

reductase activity, but it is required for pathogenesis in the mouse (Lembo et al., 

2004). 

1.3.1.5. Species Specificity beyond the Cellular Level  

 The restriction of cytomegaloviruses to a certain host is established already at 

the cellular level, as a postpenetration block to virus replication. This means that the 

virus cannot replicate in cells of non-closely related species. However, adaptation of 

cytomegaloviruses to a specific species is even more pronounced at the level of an 

animal (in vivo). These viruses encode a large number of immunomodulatory factors 

that increases the efficiency of infection, dissemination, reactivation and persistent 

infection in the host, modulating both the innate and adaptive immune response. 

During evolution, the immune systems of different animals have diverged somewhat, 

and therefore viruses have in a co-evolution with their hosts evolved host-specific 

mechanisms that sometimes do not function in other species.  
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1.4. Aim of the Study 
 
 The aim of this study was to investigate the molecular mechanisms underlying 

species specificity of cytomegaloviruses.  

 Cytomegaloviruses were isolated already in the early 1950ies and studied 

extensively since then. Detailed studies of the biological properties of CMVs resulted 

in numerous remarkable findings, and among many in the strict-species-specificity 

paradigm of cytomegaloviruses. It is well established, that CMVs replicate only in 

cells of their own or a closely related species, whereas cells of other species are 

usually nonpermissive. Later studies have suggested that the restriction to CMV 

replication in nonpermissive cells is associated with a post-penetration block to viral 

gene expression and DNA replication, but not due to a failure to enter the cell. 

However, the molecular mechanism for this apparent block in the cascade of viral 

gene expression has remained elusive. The specific aim of this study was to 

investigate the role of transcriptional activation and the host-cell innate immunity 

(triggering of the antiviral response) as molecular mechanisms, which limit cross-

species infections of cytomegaloviruses.  

 In the light of recent examples of emerging diseases, it is crucial to understand 

the molecular mechanisms that restrict viruses to a certain host, and the specific 

circumstances, when the species barrier can be crossed. Also, the herpesvirus 

species specificity has become increasingly important trough the last decade. 

Significant improvements have been made in the development of novel vectors for 

gene-delivery and vaccines based on the CMVs. All these new approaches rely on 

the narrow host range of cytomegaloviruses. Thus, it is fundamental to understand 

the molecular mechanisms underlying their species specificity. 
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2. Materials and Methods 
 

2.1. Materials  
 
2.1.1. Cell Lines  
 

CELL LINE  DESCRIPTION SUPPLIER REFERENCE  

10.1  spontaneously immortalized 
mouse embryo fibroblasts  
 

 Harvey and 
Levine, 1991. 

REF spontaneously immortalized rat 
embryo fibroblasts  
 

ATCC: CRL-1573 Burns et al., 
1988. 

293  human embryonic kidney cells 
subclone 293A  
 

ATCC: CRL-1573 
Invitrogen, Carlsbad, USA 

Graham et al., 
1977. 

911 human embryonic retinoblasts   Fallaux et al., 
1996. 

CaCo-2 colorectal adenocarcinoma cells  
 

ATCC: HTB-37 Jumarie and 
Malo, 1991. 

HeLa human cervix adenocarcinoma 
cells  
 

ATCC: CCL-2 Gey et al., 
1952. 

Hep G2  human hepatocellular carcinoma 
cells  
 

ATCC: HB-8065 Aden et al., 
1979. 

HFF-telomerase life-extended human foreskin 
fibroblasts  
 

 Bresnahan et 
al., 2000. 

HK-2 human kidney proximal tubular 
cells; immortalized by HPV16 
(E6/E7)  
 

ATCC: CRL-2190 Ryan et al., 
1994. 

MRC-5 primary human embryonic lung 
fibroblasts  
 

ATCC: CCL-171 Jacobs et al., 
1970. 

MRC5-UL37x1 transduced cells MRC-5 
expressing UL37x1 protein 
 

 W. Brune, 
unpublished  

Phoenix  packaging cell line based on 
293T cell line; gag-pol and 
envelope proteins of Moloney 
Murine Leukemia Virus (MMULV)  
 

 Kinsella and 
Nolan, 1996. 

hTert-RPE1 telomerase-immortalized human 
retinal pigment epithelial cells  
  

ATCC: CRL-4000 Bodnar et al., 
1998. 

T98G human glioblastoma cells  
 

ATCC: CRL-1690 Stein, 1979. 

U373-MG 
 

human astrocytoma cells ATCC: HTB-17 Koval et al., 
1991. 
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2.1.2. Escherichia coli Strains  
 

STRAIN  GENOTIPE  SUPPLIER  REFERENCE 

 
DH10B  
 
 

  
 
F- mcrA Δ(mrr-hsdRMS-
mcrBC) φ 80lacZΔM15 
ΔlacX74 recA1 endA1 
araΔ139 Δ (ara, leu)7697 
galU galK λ- rpsL (StrR) 
nupG 

  
 

Invitrogen, 
Carlsbad, USA 

  
 
Brune et al., 
2000. 

 
DY380 
 

  
 
DH10B cells infected with a 
λ phage carrying recA 
(λcI857 recA+); cells 
express the recombination 
genes exo, bet, and gam in 
a temperature-dependent 
fashion (i.e.activated at 
42°C) 

    
Lee et al., 
2001. 

 

  

 

2.1.3. Viruses  
 

VIRUS  DESCRIPTION  REFERENCE

 
Murine cytomegalovirus 
(MCMV); Smith strain 
 

  
recombinant MCMV cloned 
as a BAC  

 Messerle et 
al., 1997; 
Wagner et 
al., 1999. 

MCMV-GFP  recombinant MCMV 
expressing the enhanced 
green fluorescent protein 
(GFP)  
 

 Brune et al., 
2001. 

Rat cytomegalovirus  
(RCMV); Maastricht strain 
 

 isolate  from Rattus 
norvegicus 

 Bruggeman 
et al., 1982; 
Voigt et al., 
2005. 

Human cytomegalovirus 
(HCMV); strain  AD-169 
 

 recombinant HCMV  
(ATCC: VR-538) 

 Borst et al., 
1999. 

HCMVΔUL37x1  HCMV (AD-169) with deleted 
UL37x1 gene  
 

 Brune et al., 
2003. 
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2.1.4. Plasmids  
PLASMID DESCRIPTION SUPPLIER  REFERENCE 

 
pBlueScript II KS+ 
 

 
2961 bp: pUC ori, AmpR, 
lacZ’ 

 
Stratagene,  

La Jolla, USA 
 

  

pEGFP-N1 4733 bp: pUC ori, KanR, 
NeoR, EGFP gene 
 

Clontech,  
Mountain 
View,USA 

 

  

pLXSN 5874 bp: Col E1 ori, AmpR, 
NeoR, 5' MoMuLV LTR, 3' 
MoMuLV LTR, Y+ (extended 
packaging signal 
 

Clontech,  
Mountain 
View,USA 

 

  

pcDNA3 5446 bp: pUC ori, AmpR, 
NeoR 

Invitrogen,  
Carlsbad, USA 

 

  

pRC-RSV-E1A pRC/RSV (Invitrogen) 
containing Ad5 E1A-13S 
gene, AmpR 

courtesy of  
T. Stiewe 

 
 

  

pSTK1646 
 

7090 bp: plasmid containing 
the Ad5 E1 genes, AmpR 
 

courtesy of 
 S. Kochanek 

 Schiedner et 
al., 2000. 

pcDNA3-IE1 6916 bp: pCDNA3 containing 
the HCMV IE1 gene  

courtesy of  
M. Nevels 

 

 Nevels et al., 
2004. 

pcDNA3-CrmA 
  

6479 bp: pCDNA3 containing 
the cowpox CrmA gene 
 

courtesy of  
W. Brune 

  

pcDNA3-KSbcl-2 
  

5981 bp: pCDNA3 containing 
the KSHV bcl2-homolog  
gene 
 

courtesy of  
W. Brune 

  

pcDNA3-p35 
  

6353 bp: pCDNA3 containing 
the baculovirus p35 gene 
 

courtesy of  
W. Brune 

  

pcDNA3-E3L 
  

6026 bp: pCDNA3 containing 
the vaccinia E3L gene 
 

courtesy of  
W. Brune 

  

pcDNA3-UL37x1 
  

5942 bp: pCDNA3 containing 
the HCMV UL37x1 gene 
 

courtesy of  
W. Brune 

 Brune et al., 
2003. 

pRSET-mRFP1 
 

pRSETB (Invitrogen) 
containing the mRFP1 gene, 
AmpR 

courtesy of  
W. Brune 

 Campbell et al., 
2002. 
 

pSLFRTkn 4335 bp: pACYC177 (New 
England Biolabs) containing 
KanR expression cassette 
flanked by FRT sites, AmpR 

courtesy of  
M. Wagner 

 
 
 

 Atalay et al., 
2002. 

pSFK-E1 8234 bp: pBlueScript II KS+ 

containing FRTkn cassette 
(pSLFRTkn) and E1 cassette 
(pSTK146), AmpR, KanR 

courtesy of  
W. Brune 
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2.1.5. Primers and Oligonucleotides  
  SEQUENCE PRODUCT 

PCR primers 
 HA-E1B19-F   

 

HA-E1B19-R 

 

  

 
5’AAAGAATTCCACCATGTACCCATACGACGTCCCAGACTACGCTATGGA

GGCTTGGGAGTGTTTG 3’ 
5’ AAACTCGAGTCATTCCCGAGGGTCCAGG 3’ 

 

 
Ad5 E1B-19k 
gene HA-tagged 
at N-term 

HA-blc2-F 

 

HA-blc2-R 

 5’ AAAGAATTCCACCATGTACCCATACGACGTCCCAGACTACGCTATGG 

CGCACGCTGGGAGAAC 3’ 

5’ AAACTCGAG TCACTTGTGGCCCAGATAGG 3’ 
 

human bcl-2 
gene HA-tagged 
at N-term  

HA-blcXL-F 

 

HA-blcXL-R 

 

 

5’ AAAGAATTCCACCATGTACCCATACGACGTCCCAGACTACGCTATGTC 

TCAGAGCAACCGGGA 3’ 

5’ AAACTCGAGTCATTTCCGACTGAAGAGTG 3’ 
 

human bcl-2 
gene HA-tagged 
at N-term 

E1B55-F   

E1B55-R 
 5’ AAAGAATTCCACC ATGGAGCGAAGAAACCCATC 3’ 

5’ AAACTCGAGTCAATCTGTATCTTCATCGC 3’ 
 

Ad5 E1B-55k 
gene  

m152-F   

 

m152-R 

 5’ TGTCACCGCTCCACGTTTCACCGTCGGTCTCCCGATCGCTAGCCTGT 

ACACCACCATGTCTCCAGTCTAC 3’ 
5’ GAGCACCCGACGATCTGACATTGTCCAGTGTGCCGGTCGCACGAACA 

TCAAGGACGACGACGACAAGTAA 3’ 

PCR for 
replacement  of 
m152 with 
UL37x1  

Sequencing 
primers 

   
SP6  5` ATTTAGGTGACACTATAG 3’  sequencing of 

insert in pCDNA3 
 

T7B  5` GTCTATATAAGCAGAGCTC 3’  sequencing of 
insert in pCDNA3 
 

T3  5’ AATTAACCCTCACTAAAGG 3’  sequencing of 
insert in pReplacer 
 

R1  5’ ACGCTTCAAAAGCGCACG 3’  sequencing of 
insert in pReplacer 
 

R2  5’ GTTTTCCCAGTCACGAC 3’  sequencing of 
insert in pReplacer 

OLIGOs    

MCS1 

MCS2 

 5’ atcagatctcaattgctagcgtcgactgcag 3’ 
5’ gatcctgcagtcgacgctagcaattgagatctgat 3’ 

multiple cloning site  
for pReplacer 

 

 

2.1.6. Markers 
GeneRuler™ 1kb DNA Ladder Fragments  0.25-10 kb  Fermentas, 

St. Leon-Rot 
 
Full-Range Rainbow™  Protein Molecular Weight Markers 
10-250 kDa 

  

Amersham Bioscience, 
Freiburg 
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2.1.7. Enzymes 
Restriction endonucleases                  10U/μl: 

       EcoR I, Hind III, Xho I, Pst I, Hpa I,  Kpn I,  

       Hpa I, Not I, BamH I, Sca I,  

 

 Fermentas, 
St. Leon-Rot 

T4 DNA Ligase                                       5U/μl  -II- 
 

Taq DNA Polymerase  (recombinant)    5U/μl   -II- 

Pfu DNA Polymerase   (recombinant)    5U/μl   -II- 

Proteinase K                                          20 mg/ml  Roth, 
Karlsruhe 

 
Ribonuclease A (RNase A)                   10mg/ml   -II- 

 
 
2.1.8. Kits 
BigDye® Terminator v3.1 Cycle Sequencing Kit  Amersham Bioscience, 

Freiburg 
Caspase-9 Fluorometric Assay Kit  BioVision, Mountain View; 

USA 
Dig High Prime Labelling and Detection Starter Kit II   Roche Applied Science, 

Mannheim 
In situ Cell Death Detection Kit; TMR red (TUNEL)  -II- 

 
ECL Western Blotting Detection Reagents  Amersham Bioscience, 

Freiburg  
NucleoBond®PC100  Macherey-Nagel, 

Düren 
NucleoSpin®Extract  -II- 

 
NucleoSpin®PLasmid  -II- 

 

 

2.1.9. Primary Antibodies  
ANTIBODY EPITOPE SPECIES SOURCE SUPPLIER 

CROMA101 IE1 MCMV M Stipan Jonjic,  
Univ. of Rijeka; Croatia 

CROMA103 E1 MCMV M -II- 
 

2E8.21A gB MCMV M Lambert Loh,  
Univ. of Saskatchewan; 

Canada 
3B9.22A M44 MCMV M -II- 

 
1B12 IE1 HCMV M Tom Shenk, 

Princeton Univ; USA 
H-human; M-mouse; R- rat; RB – rabbit;  HCMV –human cytomegalovirus; MCMV- murine cytomegalovirus 
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2.1.9. Primary Antibodies – continued   
ANTIBODY EPITOPE SPECIES SOURCE SUPPLIER 

A5316 β-actin H, M, R M Sigma, 
München 

8G10 caspase 3    H, M, R RB Cell Signaling, 
Beverly; USA 

9502 caspase 9 H RB -II- 

7D3-6 PARP H, M, R M BD Pharmingen, 
Heidelberg 

MMS-101P HA tag  M Covance Research Products, 
Berkeley, USA 

H-human; M-mouse; R- rat; RB – rabbit; HCMV –human cytomegalovirus; MCMV- murine cytomegalovirus 
 

 
 

2.1.10. Secondary Antibodies  
ANTIBODY TARGET SOURCE APPLICATION  SUPPLIER 

A-11006 anti-rat Alexa Fluor® 
A488 (green) 
 

G IF  Invitrogen-
Molecular probes, 

Carlsbad; USA 
A-11034 anti-rabbit Alexa Fluor® 

A488 (green) 
 

G IF  -II- 

A-21044 anti-mouse Alexa Fluor® 
A594 (red) 
 

G IF  -II- 

P0399 anti-Rabbit-HRP S W  DakoCytomation, 
Glostrup; Denmark 

P0447 anti-mouse -HRP G W  -II- 
W - Western blot; IF- immunofluorescence; G - goat; S - swine.  

 
 

 

2.1.11. Bacterial Media 
Luria-Bertani (LB) Medium 
1% Bactotrypton, 0.5% Yeast extract, 0.5% NaCl 

(medium was dissolved in H2O and autoclaved) 

 Roth, 
Karlsruhe 

Agar – Agar 
(bacterial agar plates prepared as autoclaved 1,5% agar in LB medium) 

 -II- 

Additional chemicals: working concentration 

         Ampicillin 100 μg/ml 

         Chloramphenicol 50 μg/ml 

         Kanamycin 50 μg/ml 

  

Roth, 
Karlsruhe 

-II- 

-II- 
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2.1.12. Cell Culture Media  
Dulbecco's Modified Eagle's Medium (DMEM) high glucose; with sodium 
pyruvate and L-glutamine 
 

 PAA Laboratories, 
Cölbe 

RPMI 1640 with L-Glutamine 
 

 -II- 

Keratinocyte-Serum Free Medium with 5 ng/ml recombinant EGF and 
0.05 mg/ml bovine pituitary extract 
 

 -II- 

Dulbecco’s PBS 1x  (DPBS) without Ca and Mg 
 

 -II- 

Trypsin / EDTA  0.05% / 0.02% in PBS 
 

 -II- 

Penicillin / Streptomycin 100x stock; 10000 U / 10 mg/ml  
 

 -II- 

Fetal Calf Serum (FCS)  PAN Biotech,  
Aidenbach 

Additional chemicals:   
                  Genatmicine G418 100 mg/ml  stock solution   
                  Phosphonoacetic acid (PAA) 250 mg/ml stock solution   
                  Polybrene 0.8 mg/ml (100x stock solution)   
                  Staurosporine 50 μM stock solution in DMSO   
                  zVAD-fmk 100 mM stock solution   
 

2.1.13. Chemicals 
All standard chemicals were p.a. quality and purchased from Roth (Karlsruhe), Sigma 
(München), Merck (Poole, UK) or AppliChem (Darmstadt) if not stated differently.  
Agarose Roth,Karlsruhe 
Ampicillin -II- 
Bromphenol blue -II- 

Chloramphenicol -II- 

Kanamycin -II- 

N, N, N’, N’ –Tetramethylendiamin  (TEMED)                  -II- 

Orange G -II- 

Rotiphorese Gel 30 -II- 

Triton X-100 -II- 

Tween 20  -II- 

DAPI (4',6-Diamidino-2-phenylindole) Sigma, München 
Ethidiumbromid (10mg/ml) -II- 
Gelantine -II- 

Hexadimethrine bromide (polybrene) -II- 
Phosphonoacetic acid (PAA) -II- 
Staurosporine -II- 
Aqua Poly/Mount Polyscience, Warrington;USA 

Dulbecco's phosphate buffer saline (DPBS) without Ca and Mg PAN Biotech, Aidenbach 
Genatmicine G418 PAA Laboratories, Cölbe 

zVAD-fmk BD Pharmingen, Heidelberg 
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2.1.14. Solutions and Buffers 
Bromphenol-blue stock solution  1% Bromphenol blue in 1M Tris/HCl pH 7,5 
6x loading buffer   0.01% Orange G in 30% glycerol,  
Southern blot buffers:    
              Denaturing buffer   0.5M NaOH, 1,5M NaCl 
              Neutralizing buffer  0.5M Tris-HCl, 1,5M NaCl pH 7,0 
              Transfer buffer (20xSSC)  3M NaCl, 0.3M Na citrate, pH 7,0 
              Washing buffer   0.1M Maleic acid, 0.15M NaCl, pH 7,5;  

0.03% Tween 20 
              Maleic acid buffer  0.1M Maleic acid, 0.15M NaCl, pH 7,5; 
              Detection buffer  0.1M Tris-HCl, 0.1M NaCl, pH 9,5 
Western blot buffers:   
              Triton buffer   100mM Tris-HCl; 140nM NaCl; 0.025% NaN3; 

1% Triton X-100 
              2x loading buffer   125mM Tris-HCl, 4% SDS, 20% glycerol, 10% 

β-mercaptotheanol, 0.05% bromphenol blue 
              Tricine gel buffer  3M Tris-HCl pH 8,0. 0.3% SDS 
              5x cathode   0.5M Tris-HCl, 0.5M Tricine, 0.5% SDS 
              10x anode   2M Tris-HCl, pH 8,9 
              Transfer buffer  0.5M Tris-HCl, 0.5M Tricine, 0.5% SDS, 20% 

Methanol 
              Blocking solution  5% milk powder in DPBS   
              Antibodies solution  According to supplier recommendations 
Miniprep solutions (alkaline lysis):   
             ALS1  50mM Tris-HCl, 10mM EDTA, pH 8,0 
             ALS2  200mM NaOH, 1% SDS 
             ALS3  2,8M KAc, pH 5,1 
Immunofluorescence:   
             Fixation solution  3% paraformaldehyde 
             Stabilization buffer  50mM NH4Cl in DPBS 
             Permeabilization solution  0.3% tritonX-100 in DPBS 
             Blocking solution  0.2% gelatin in DPBS 
             Antibody solution   Dilution of antibody (accordin to supp. 

recommendation) in blocking solution 
TUNEL:   
             Fixation solution   4% paraformaldehyde 
             Permeabilization solution  0.1% Triton X-100 in 0.1% Na-citrate  
2xHBS (pH 6,9; 7,0;  7,05)  16g NaCl, 13g HEPES, 20ml Na2HPO4 for 1dm3 

50x TAE buffer   40mM Tris-HCl, 57,1ml HAc, 1mM EDTA pH 8,0 
10x TBE buffer   89mM Tris-HCl, 89mM boric acid, 2mM EDTA 

pH 8,0 
TE buffer   10mM Tris-HCl, 1mM EDTA, pH 7,8 
SDS stock solution  10% SDS in H20 
 

 

2.1.15. Special Materials and Equipment  
Special Materials:    
   Hybond ECL (nitrocellulose membrane)   Amersham Biosciences, Freiburg 

   TurboBlotter (Downward DNA Transfer System to   
   Nytran SuPerCharge Nylon) 10x15 cm 
 

 Schleicher&Schuell, Dassel 

Electrophoresis and transfer systems:    

   Mini-PROTEAN 3 Cell  BIO-RAD, Hercules; USA 

   PerfectBlue Gelsystem Mini S (gel size 7 x 8 cm)  Peqlab Biotechnologie, Erlangen 
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2.1.15. Special Materials and Equipment – continued 
 
   Submarine electrophoretic unit Hoefer HF 99X (gel   
   size 15 x 20 cm) 

 Amersham Biosciences, Freiburg 

   Electrophoresis Power Supply EPS 301 -II- 

   Fastblot B34 
 

 Biometra, Göttingen 

Documentation systems:   
   CoolSnap CCD Camera / MetaVue software   Visitron Systems, Puchheim 
   Gel Documentation Sytem  E.A.S.Y Win32  Herolab, Wiesloch 
   Röntgen (X-ray) films 
 

 X-Ray Retina, Berlin 

   Radiographic-cassette 
 

 Dr. Goos-Suprema, Heidelberg 

Centrifuge (Rotors):   
   5415 R  (F45-24-11) 
   5415 D  (F45-24-11) 
   5810 R (A-4-62) 
   Avanti J-20 XP (JA25-15, JA25-50. JLA16-250) 
 

 Eppendorf, Hamburg 
-II- 
-II- 

Beckamn Coulter, Krefeld 

Incubation systems:   
   Bacterial incubator M100  Memmert, Schwabach 

   Cell culture incubator HERA Cell240  Heraeus, Hanau 

   HB-1000 Hybridizer  UVP, Upland; USA 

   Incubator Shaker ISF1  Kühner, Birsfelden; CH 

   Thermomixer comfort  
 

 Eppendorf, Hamburg 

Other equipemnt:   
   BioPhotometer  Eppendorf, Hamburg 

   Fastblot B 34 (16 x 20cm)  Biometra, Göttingen 
   FLUOstar Optima  BMG Labtech, Offenburg 
   GeneAmp® PCR System 9600  Applied Biosystems, Foster City; USA 
   Inverted Microscope Axiovert 200M  
   Fliters for fluorescent microscopy:  
     No. 37 (green) excitation 450/50 emission 510/50 
     No. 15 (red) excitation 546/12 emission 590 
     No. 02 (blue) excitation 365 emission 420 
 

 Carl Zeiss Light microscopy,  
Göttingen  

   X-Omat 1000 Processor   Kodak, Rochester; USA 

   Laminar-Flow working bench   BDK, Sonnenbühl-Genkingen 

   Leica DM IL (phase contrast microscope)  Leica Microsystems, Wetzlar 

   MicroPulser Electroporation Apparatus  BIO-RAD, Hercules; USA 
   Rotary-Mixer   Labinco, Breda; NL 
   Shaker 3013   GFL, Burgwedel 

   Ultraviolet Crosslinker  UVP, Upland; USA  

   Vortex-Genie 2  Scientific Industries, Bohemia; USA 
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2.2. Methods  
 
2.2.1. Cell culture methods  

2.2.1.1. Maintaining Cell Lines  
All cells were cultivated in DMEM supplemented with 10% FCS and the penicillin/ 

streptomycin solution (100 U / 0.1 mg/ml) except: REF where 5% FCS was 

supplemented; HK-2 cells were cultivated in keratinocyte-serum free medium 

supplemented with a recombinant EGF (5 ng/ml) and a bovine pituitary extract (0.05  

mg/ml). Cells were grown at 37ºC in the atmosphere with 5% of CO2. Cells were 

passaged according to ATCC recommendations and own experience.  

 In order to passage or seed cells for the experiments (i.e. split cells) growth 

medium was removed and cells were washed with adequate volume of PBS 

(depending on the size of the dish: e.g. for a 10 cm round dish 5 ml PBS) followed by 

overlaying cells with 1-2ml of trypsin/EDTA solution. When individual cells separated 

and detached from the dish surface, cells were resuspended in 10 ml of medium and 

divided according to experimental needs.   

2.2.1.2. Freezing Cells 
Subconfluent monolayers of cells were washed with PBS and trypsinized as 

described above (2.2.1.1.). Detached cells were collected with the growth medium 

and transferred to a 15 ml plastic tube. Cells were pelleted by centrifugation (200g / 

10 min), and the supernatant was removed. Pelleted cells were resuspended in 15 ml 

of the freezing medium (90% FCS and 10% DMSO), aliquoted into 2 ml cyro-tubes 

and stored at -80ºC or deposited in liquid nitrogen for long-term storage.   

2.2.1.3. De-freezing Cells  
Frozen cells were thawed by placing the vials into a water-bath at 37ºC and 

immediately transferring them into 15ml tubes where 10ml of growth medium was 

added. Cells were pelleted by centrifugation (200g / 10 min), medium was replaced 

by fresh growth medium and resuspended cells were seeded into an appropriate 

dish.   
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2.2.1.4. Virus Stocks 
For the preparation of virus stocks used in the experiments, appropriate subconfluent 

cells were infected at a multiplicity of infection (MOI) 0.01. Two hours after infection 

the medium was replaced. If necessary, cells (i.e. fast growing cells like REFs) were 

split several times to enable maximum yield of virus. The virus-containing 

supernatant was collected when 100% of cells showed a cytopathic effect (CPE) and 

centrifuged at 200g for 10 min to remove cellular debris. After the centrifugation, virus 

supernatant was filtered trough a 0.45 μm filter, and aliquots were stored at -80ºC.  

Prior to infection, virus supernatant was promptly thawed in a water-bath at 37ºC and 

used directly.  

 
2.2.1.5. Virus Quantification - TCID50 

The number of infected viral particles in the viral stocks was determined by the 

median tissue culture infectious dose (TCID50) method originally described by Reed 

and Muench (Kaerber, 1931; Mahy and Kangro, 1996). The TCID50 is defined as a 

dilution of a virus required to infect 50% of a given batch of inoculated cell cultures. 

Cells for the assay were seeded in 96 well plates at the density of cells which will be 

subconfluent on the day of the titration assay (105 cells / plate). Aliquots of serial 

dilutions of a virus suspension were made to infect 12 wells for every dilution (100μl / 

well). Cells were monitored from 6 (MCMV and RCMV) and up to 10 days (HCMV). 

After a time period, the number of wells with CPE (viruses without a GFP gene) or 

GFP growing plaques was counted, and the virus titer determined using the formula 

by Spearman and Kaerber (Kaerber, 1931; Spearman, 1908): 

 

 

 
 
2.2.1.6. Virus Growth Kinetics  

2.2.1.6.1. Growth Curves with a Low MOI Infection  

 For the analysis of the growth properties of viruses, cells were seeded the day 

before an experiment in 6-well plates at a subconfluent density (i.e. 3x105 cells per 

well). On the following day cells were infected at an MOI of 0.2 TCID50/cell. Two 

hours after the infection cells were washed with PBS and fresh medium was added. 

Titer = TCID50ml-1  highest dilution giving 100% CPE 
total number of test units showing CPE 

number of test units per dilution 
1 
2 inoculation volume [ml] -

10N 
=N +
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Every second day (if not indicated otherwise) samples of medium (700 μl) from 

infected cells were collected and stored at -80ºC until the titration assay (described in 

2.2.1.5.) At the same time, growth medium was replaced with fresh medium. Each 

analysis was done in triplicate (3 wells), and the standard deviation was determined 

using Microsoft Excel. 

2.2.1.6.2. Growth Curves with a High MOI Infection  

In experiments, where 100% of infection was required, cells were seeded the 

day before infection at 80% of confluency (5x105 cells / well in 6-well dish) and 

infected at an MOI of 0.5 TCID50/cell enhanced by centrifugation (1500g / 30 min); 

resulting in MOI of 5 (Hodgkin et al., 1988; Osborn and Walker, 1968; Walker and 

Hudson, 1988). Two hours after infection, cells were washed, and fresh growth 

medium was added. Samples for titration were collected as described above 

(2.2.1.6.1.)  

 

2.2.1.7. Transfection of Cells – Reconstitution of Virus  
To ensure an optimal transfection result, 3x105 cells were seeded in 6 cm culture 

dishes with 3 ml of growth medium on the day before transfection. Two μg of BAC 

DNA (column-purified) was diluted with growth medium to a total volume of 150 μl. 

The solution was mixed well and spun down for a few seconds to remove drops from 

the top of the tube. 15 μl of PolyFect Transfection Reagent was added to the DNA 

solution, and the sample was vortexed thoroughly for 10 seconds. The sample was 

incubated at room temperature (RT; 20-25˚C) for the next 10 min to allow formation 

of transforming complexes. During that time, cells seeded for transfection were 

washed with PBS and 3 ml of fresh growth medium was added. After 10 minutes, 1 

ml of complete growth medium was added to the reaction tube containing the 

transfection complexes, and mixed by pipetting up and down several times. The 

transfection mixture was transferred immediately to the cells, and the dish was gently 

swirled to ensure uniform distribution of the complexes. Cells were incubated for a 

number of days and split when they reached confluency to provide optimal conditions 

for virus growth. Subsequently, viruses replicated, and the infection spread to the 

complete cellular monolayer. When all cells showed a CPE, supernatant was 

collected and processed as described in the 2.2.1.4. 
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2.2.1.8. Preparing Retroviruses and Cell Transduction 
The protocol for generation of retroviruses is based on the Phoenix cell line, a helper-

free amphotropic retroviral packaging cell line protocol (Nolan Lab, Stanford). The 

Phoenix cell line is based on the 293T cell line (a human embryonic kidney line 

transformed with adenovirus E1 carrying a temperature sensitive T antigen) and 

characterized as highly transfectable with either calcium phosphate or lipid-based 

transfection protocols. The Phoenix cell line was created for production of 

amphotropic retroviruses by inserting constructs capable of producing gag-pol and 

envelope protein of Moloney Murine Leukemia Virus (MMuLV) into 293T cells. 

2.2.1.8.1. Transfection of Phoenix Cells by CaPO4 

 Phoenix cells were seeded at 1,5x106 cells per 6 cm dish 18 - 24 hours prior to 

transfection (cells will reach 70% confluency on the day of transfection). For 

transfection, 10μg of plasmid DNA was mixed with an adequate volume of deionized 

H2O and 61 μl of 2M CaCl2 to make a total volume of 500 μl, and mixed thoroughly. 

After this, 500 μl of 2xHBS was added quickly to the DNA solution and bubbled 

vigorously with a pipette. The transfection mixture was gently added onto the cells, 

gently swirling to spread the transfection complexes across the complete cellular 

monolayer. Cells were subsequently incubated at 37ºC. Several minutes after 

transfection, small black particles (complex DNA/CaPO4) could be observed under a 

microscope. The medium was removed 8h after transfection, cells were gently 

washed with PBS, and new medium was added. The supernatant from transfected 

cells was collected 48 hours post-transfection in 15ml tubes and centrifuged at 200g 

for 5 minutes to pellet cells and debris. Supernatant was filtered trough 0.45 μm filter 

and used immediately for infection of the cells selected for transduction (alternatively, 

supernatant can be frozen at -80ºC for later infections).  

2.2.1.8.2. Retroviral Infection of Cells and Selection 

 Cells for a retroviral transduction were seeded at subconfluent density (105 

cells / 6cm dish) the day before infection. Prior to infection, 3ml of a virus supernatant 

(described in 2.2.1.8.1.) was mixed with 30μl polybrene (polybrene 100x stock, 

0.5mg/ml) and added to the cells. The medium was replaced 24 hours after the 

retroviral infection and cells were cultured for 48 hours to reach the expected peak 

level of gene expression from integrated retroviruses. At the same time, growth 
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medium was replaced with selection medium containing an appropriate cytostatic 

agent. Selection medium was replaced with normal growth medium after mock 

infected cells showed no survivors. Transduced cells were expanded and further 

characterized by Western blot and immunofluorescence. Every two months, 

transduced cells were cultured in selection medium for one week to ensure stable 

retroviral integration.  

 

2.2.2. Molecular Methods  
2.2.2.1. DNA Extraction  

Analysis of virus growth kinetics and characterization of virus mutants were done with 

DNA samples extracted from 3x105 cells infected at an MOI of 5 TCID50/cell (as 

described in 2.2.1.6.2.). Growth medium from infected cells was collected in 15 ml 

tubes; cells were washed with PBS and incubated with trypsin for the time required to 

detach completely. Cells were collected with growth medium and transferred to a 15  

ml tube followed by a 10 min centrifugation at 200g. The supernatant was removed 

and cells were resuspended in 50 μl of PBS and transferred to a 1.5 ml tube. 500 μl 

of proteinase K buffer was added to the suspension and mixed by pipetting up and 

down. The samples were preincubated at 50ºC for 5 minutes and proteinase K was 

added at a final concentration of 50 μg/ml. Digestions were incubated for 8-24h at 

50ºC with constant shaking (600 rpm). After protein digestion, equal volumes of 

phenol (500 μl) were added to the samples and mixed by inverting on a rotary mixer 

for 10min. The aqueous phase was separated from phenol by centrifugation at 

14000rpm for 10 min and transferred to a new tube. The samples were further 

extracted with a phenol-chlorophorm (1:1) mixture as described above. The aqueous 

phase was transferred to a new tube and an equal volume of chlorophorm was 

added to the samples followed by mixing and separation by centrifugation. The 

separated aqueous phase was transferred to a new tube and DNA was precipitated 

by the addition of 5M NaAc (1:100 to the volume of a sample) and 2.5 volumes of 

ethanol (EtOH). Solutions were thoroughly mixed and incubated on ice for 30 

minutes.  DNA was pelleted by centrifugation at 16000g for 20 minutes, EtOH was 

removed, and pellets were washed in 70% EtOH and dried. The DNA pellet was 

dissolved in 100 μl of TE buffer with RNase A (final concentration 10 μg/ml). The 

amount of extracted DNA was determined using an Eppendorf BioPhotometer and 

analyzed by agarose gel electrophoresis.   
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2.2.2.2. Plasmid DNA Extraction – mini preps (alkaline lysis)  

Two ml of LB medium containing the appropriate antibiotic was inoculated with a 

single colony of transformed bacteria and incubated overnight (ON) at adequate 

temperature (37 or 30°C) with constant shaking. Bacterial cultures were poured into 

1.5ml microfuge tubes and centrifuged at 6000g for 1 minute at 4°C. The supernatant 

was removed, and the bacterial pellet resuspended in 250 μl of ice cold Alkaline 

Lyses Solution (ALS) 1 by vigorous vortexing. To the bacterial suspension was added 

250 μl of ALS2 and mixed by inverting the tube several times. After bacterial 

suspensions became transparent (not longer than 5 minutes), 250 μl of ice cold ALS 

3 was added to the viscous suspension, and the solution was mixed by inverting the 

tube a few times. Tubes were stored on ice for 5 minutes followed by centrifugation at 

16000g for 10 minutes. After centrifugation, supernatants were transferred into new 

1,5 ml tubes and mixed vigorously with 0.7 volumes of 2-propanol (isopropanol). DNA 

was precipitated by centrifugation at 16000g for 10 minutes. The supernatant was 

gently removed and pelleted DNA was carefully washed with 70% EtOH. Afterwards, 

the tubes were placed on a paper towel to dry completely. Transparent pellets of dry 

DNA were dissolved in 50 μl of TE-buffer (pH 8.0) containing 20 μg/ml RNase A. 

 

2.2.2.3. Bacterial Artificial Chromosomes DNA extraction – BAC mini 
preps  
Bacterial artificial chromosomes (BAC) were isolated from bacterial cells by a 

modified alkaline lysis method described in 2.2.2.2. Single bacteria clones were 

inoculated in 5 ml of LB medium and grown ON at adequate temperature (37 or 

30°C) with vigorous shaking. Four ml of single bacterial cultures were poured into two 

2ml tubes, centrifuged at 6000g for 1 minute, and supernatants were removed 

carefully. Pellets from a single sample were resuspended in 125 μl of ALS1 joined 

together in a single tube. To the suspensions 250 μl of ALS2 was added, and the 

samples were gently mixed by inverting the tubs. The lysis solution was neutralized 

with 250 μl of ALS3, mixed by inverting, and centrifuged at 16000g for 10 minutes at 

4°C. Supernatants were transferred to new tubes, and 1x volume of phenol / 

chlorophorm mixture (1:1) was added. Solutions were mixed by inverting on the 

rotary mixer for 10 minutes and centrifuged at 16000g for 10 minutes. After 

centrifugation the aqueous phase was transferred to new tubes and mixed with an 
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equal volume of chlorophorm, mixed and centrifuged again. The aqueous phase was 

transferred into new tubes, and 0.7 volumes of isopropanol was added. The samples 

were mixed vigorously and centrifuged at 16000g for 10 minutes.  Pelleted DNA was 

washed carefully with 70% ethanol and dried. The transparent pellet of almost dry 

DNA was dissolved in 50 μl of TE buffer (pH 8.0) containing 20 μg/ml RNase A. 

 
2.2.2.4. Plasmids extraction with commercial kits  

2.2.2.4.1. Miniprep with the NucleoSpin®Plasmid columns  

 Overnight bacterial cultures were transferred into 1,5 ml tubes and harvested 

by centrifugation at 6000g for 1 minute. The supernatant was removed, and bacterial 

cells were resuspended in 250 μl of buffer A1 with RNase A. To the bacterial 

suspension 250μl of buffer A2 was added and gently mixed by inverting the tube 5 

times. Pre-cold (4°C) buffer A3 (250 μl) was than added to the suspension and mixed 

by inverting the tube several times until a homogeneous suspension containing an 

off-white flocculate was formed. Samples were than centrifuged at 16000g for 5 

minutes. NucleoSpin® Plasmid columns (silica membrane) were placed into 2 ml 

collecting tubes and clear supernatants were loaded. The columns were then 

centrifuged for 1 min at 8000g, the flow-trough was discarded, and the columns were 

placed back into the collection tubes. Then, 600 μl buffer A4 (washing buffer) was 

added onto the column with DNA bound to the silica membrane, and columns were 

spun for 1 min at 11000g. The flow-trough was discarded, and columns were 

cetrifuged for 1 min at 11000g to dry the silica membrane completely. Columns were 

placed on clean 1.5ml tubes, and 50 μl AE buffer (elution buffer) was added. The 

columns were incubated for 1 minute and centrifuged for 1 min at 11000g. The 

concentration of extracted DNA was analyzed with a spectrophotometer. The 

average yield was 25 μg of pure plasmid DNA. NucleoSpin®Plasmid columns were 

not suitable for isolation of low copy plasmids such as BACs.  

2.2.2.4.2. Midiprep with the NucleoBond®PC100  

 High-copy and low-copy plasmids (e.g. BAC) were extracted from 50 and 100 

ml over-night bacterial cultures, respectively, which were inoculated with a single 

bacterial clone. Bacterial cells were pelleted by centrifugation in 250 or 50 ml tubes at 

6000g for 10 minutes, and supernatants were discarded. Bacterial cells were 
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completely resuspended in 8 ml of the buffer S1 containing RNase A. To the bacterial 

suspension 8ml of buffer S2 was added and gently mixed by inverting the tube 

several times. Pre-chilled buffer S3 (8 ml) was added to the suspension and mixed by 

inverting the tube. Samples were centrifuged at 20000g for 10 minutes, and the clear 

supernatants were loaded onto NucleoBond columns equilibrated with buffer N2 (3 

ml of N2 was loaded onto the column 5 minutes before the centrifugation ends). 

Columns were placed on a holding rack, allowing the column to empty by gravity 

flow. The columns were washed with 10ml of buffer N3 and placed on the collection 

tubes. DNA was eluted with 5ml of the buffer N5. Immediately after the elution had 

completed, DNA was precipitated by adding 3,5ml of isopropanol, thorough mixing, 

and centrifugation at 20000g for 20 minutes. The supernatant was then carefully 

discarded, and pelleted DNA was washed with 70% EtOH. EtOH was carefully 

removed with a pipette tip allowing the pellet to dry completely. Dry DNA was 

dissolved in 200μl of TE buffer. The concentration of extracted DNA samples was 

analyzed with a spectrophotometer. An average yield of 25 μg DNA for a low copy 

BAC and 100 μg for a high copy plasmid was obtained.  

 
2.2.2.5. DNA quantification  

The amount of DNA in a column purified DNA sample was determined with an 

Eppendorf BioPhotometer by measuring the absorbance of UV light (260 nm) and 

converting into concentration. Conversion of absorbance into concentration was 

based on the factory-set factors (i.e. programmed factor: 1 A260= 50.0 μg/ml). Diluted 

samples (5μl DNA + 95μl of water) were measured in a cuvette transmissible for UV 

light in the photometer, which had previously been calibrated with a blank sample 

(cuvette containing water only). Simultaneously, the photometer measures the 

absorbance at 230. 260. 280 and 320nm (maximum absorbance for proteins and 

other impurities) of the samples and displays the ratios A260/A280 and A260/A230 

determining purity of the sample. Pure samples have a 320nm absorbance close to 

zero, and a ratio A260/A280 between 1.8 and 2.  

 

2.2.2.6. Polymerase Chain Reaction  
In order to amplify a certain gene, the segment of a gene or a complete expression 

cassette, a polymerase chain reaction (PCR) was employed. Programs used for 
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amplifying different target DNA were all based on the “touch-down” PCR with reaction 

conditions:  

 

 
 

The reaction conditions were slightly different for different target DNA based on the 

length of the amplifying fragment (longer extension time), specificity of the primer-

binding and melting temperature of primers (higher / lower annealing temperature, 

higher / lower Mg2+ concentration). Results of DNA amplifications were analyzed by 

electrophoresis in 1% agarose gels. Lists of the primers used for PCR and of the 

amplified genes are given in 2.1.5. 

 
2.2.2.7. DNA Electrophoresis  

For the analysis of PCR products and separation of DNA fragments (0.2-15 kb) 

horizontal electrophoresis in 0.6-2 % agarose gels was performed. Agarose gels 

were prepared by dissolving an appropriate amount of agarose by heating in TAE 

buffer. After the molten gel had partially cooled, ethidium bromide was added to a 

final concentration of 0.5 μg/ml, and the gel was poured into gel trays (7x8 cm). 

Completely set and hardened gels were mounted into electrophoresis chambers and 

covered with TAE buffer. Samples for analysis were mixed with 1/6 volume of a 6x 

loading buffer and loaded into the sample wells of the gel. Electrophoresis was 

carried out at 60-120 V (5-25 V/cm) in TAE buffer until satisfying resolution was 

obtained.  DNA in the gel was visualized using a UV transiluminator (312 nm 

wavelength), and the results were documented with a digital imaging system.  

 Very complex restriction patterns of BAC DNA (fragments from 0.1-30 kb) 

required a larger agarose gel (gel size 15x20 cm) and slightly modified conditions to 

separate all DNA fragments. Agarose was dissolved in 0.5x TBE buffer, and gels 

were poured as described above. Electrophoresis was performed in 0.5x TBE buffer 

at 50 V (3 V/cm) for 10-15 hours.  

95°C 
5min 

95°C 
30s 65°C 

30s 

72°C 
1min 

95°C 
30s

58°C 
30s 

72°C 
1min 

4°C 
10-15 cycles 25 cycles 

PCR  initial denaturation store   touch-down cycling  
every cycle 1°C lower 
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2.2.2.8. DNA Recovery from an Agarose Gel 
After electrophoresis, separated DNA fragments were excised from an agarose gel 

with a scalpel on the transilluminator. Excised gel slices containing the fragments 

were incubated with buffer NT1 (for each 100 mg agarose gel 300 μl buffer was 

added) at 50˚C with constant shaking until the gel slices were dissolved (5-10 min). 

NucleoSpin® Extract columns (silica membrane) were placed into 2ml collecting 

tubes, and dissolved agarose samples were loaded. The columns were centrifuged 

for 1 min at 8000g, the flow-trough was discarded, and columns were placed back 

into the collection tubes. The column with DNA bound to the silica membrane was 

washed with 600 μl buffer NT3 (washing buffer) and centrifuged for 1 min at 11000g. 

The flow-trough was discarded, and columns were centrifuged for an additional 2 min 

at 11000g to dry the silica membrane completely. Columns were placed on clean 

1,5ml tubes, and 25 μl NE buffer (elution buffer) was added. The columns were 

incubated for 1 minute and centrifuged for 1 min at 11000g. Eluted DNA was used 

directly for further experiments.  

 

2.2.2.9. Molecular Cloning  
Cloning in plasmid vectors is based on the circular plasmid DNA cleaved with one or 

mores restriction enzymes and ligated in vitro to the DNA of interest bearing 

compatible termini. The products of the ligation reaction are than used to transform 

an appropriate strain of Escherichia coli (E. coli).  

2.2.2.9.1. DNA Restriction 

 Plasmid DNA or DNA of interest (PCR products and double-stranded 

oligonucleotides) was cut with one or two restriction endonucleases in reactions 

containing: 0.5-2μg DNA, 1x reaction buffer (supplied as 10x stock solution), 5-20 

units of enzyme and water to make a final volume of 30μl. Reactions were incubated 

at 37°C for 1-3 hours. Cut DNA was separated by electrophoresis in 1-2% agarose 

gels, and individual fragments were excised from the gel. The excised fragments 

were recovered as described in 2.2.2.8. and used for ligation reactions.  



Materials and Methods                                                                                                  
 
 

 

32

2.2.2.9.2. DNA Ligation 

 Before the ligation, purified backbones of plasmids and DNA fragments were 

analyzed by spectrophotometry or in an agarose gel to determine a concentration 

ratio based on the signal intensity. For the ligation reactions, a molar ratio of 1: 5 

(vector : insert) was used. Reactions were incubated ON at 16°C and further used to 

transform an adequate E. coli strain. 

Standard reaction mixture:  

DNA fragemnt x μl

plasmid DNA x μl

10x T4-ligase buffer 2μl

T4 Ligase (5U/μl) 1μl

H2O x μl

Final volume  20 μl

 

2.2.2.9.3. Transformation of E. coli by Electroporation  

2.2.2.9.3.1. Preparing Electro-competent DH10B Bacterial Cells 
 5 ml of LB medium without antibiotic was inoculates with a single DH10B 

bacterial colony and incubated ON with constant shaking (i.e. a “starter culture”). On 

the next day, the starter culture was added to 500 ml of fresh medium and grown until 

an OD600 of 0.4 (exponential growth phase) was reached. Exponentially growing 

bacteria were removed from the incubator and immediately cooled in an ice-bath for 

about 30 min. The bacterial culture was transferred to 0.5 L tubes and centrifuged for 

10 min at 6000g. The supernatant was removed and the bacterial pellet resuspended 

in 100ml of ice-cold H20. The suspension was centrifuged at 6000g for 10 minutes 

and the process of washing with ice-cold H20 repeated 2 times. After removing the 

supernatant from the last washing step, bacteria were resuspended in 10% ice-cold 

glycerol and centrifuged at 6000g for 10 minutes. The supernatant was removed, and 

bacterial cells were resuspended in 3 ml of ice-cold 10% glycerol. Completely 

resuspended bacteria were aliquoted, and the vials were immediately frozen in liquid 

N2 and stored at -80°C.  

2.2.2.9.3.2. Preparing Electro-competent DY380 Bacterial cells 
 DY380 bacterial cells were prepared from a single picked colony grown ON at 

30°C in 5 ml of LB medium supplemented with chloramphenicol (15 μg/ml) (starter 
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culture). On the next day, the starter culture was used to inoculate 500ml LB medium 

with chloramphenicol. This culture was incubated in a shaker at 30°C until bacteria 

reached an OD600 of 0.4. Afterwards, the bacterial culture was incubated in a water 

bath for 12 minutes at 42°C and immediately cooled. The following washing steps 

were the same as described above for the DH10B cells (2.2.2.9.3.1.). 

2.2.2.9.3.3. Transformation of Bacterial Cells by Electroporation  
 The vials of electro-competent bacteria were thawed immediately before an 

electroporation (transformation of bacterial cells). 40 microliters of bacterial 

suspension was mixed with 1μl of ligation mixture and transferred to a pre-cooled 

cuvette for electroporation. Electroporation was performed with a MicroPulserTM with 

2,5kV (constant voltage) in one electrical pulse. Electroporated bacteria were mixed 

in the cuvette with 600 μl of LB medium and transferred to 1.5 ml tubes. The bacterial 

suspension was incubated at 37°C or 30°C (Dy380) with constant shaking for 1 hour. 

Afterwards, the bacterial suspension was plated on the LB-agar plates supplemented 

with an appropriate antibiotic. Plates with bacteria were incubated at an appropriate 

temperature for 16-36h.   

 

2.2.2.10. Murine Cytomegalovirus Mutagenesis  
All recombinant viruses were constructed using bacterial artificial chromosome (BAC) 

technology (Brune et al., 2000) and are based on the MCMV-GFP BAC. The Central 

Commision for Biological Safety (ZKBS) of the Federal Republic of Germany has 

approved construction of these recombinant MCMVs. To delete the immune evasion 

genes m02 – m06 and insert foreign genes, a plasmid named pReplacer was 

constructed by inserting a multiple cloning site into plasmid pSFK-E1.  The pSFK-E1 

plasmid was constructed on the basis of pBluescriptII KS+ containing an expression 

cassette with the Adenovirus type 5 E1 genes (cloned from pSTK146 plasmid; 

(Schiedner et al., 2000), the KanR cassette flanked by Flp recombination target (FRT) 

sites, and 50 nucleotide homologies to sequences upstream of m02 and downstream 

of m06. Complementary oligonucleotides MCS 1 and 2 were mixed together (10μmol; 

1:1), denaturated at 95°C for 5 minutes and slowly cooled. Annealed primers formed 

a double-stranded oligonucleotide fragment creating a blunt 5’-end, and a recognition 

site for EcoR V, Bgl II, Mfe I, Nhe I, Sal I, Pst I, and a cohesive BamH I site at 3’-end. 

Annealed oligonucleotides were ligated to plasmid pSFK-E1 (cut with EcoR V and 
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BamH I, relising E1 genes from pSFK-E1) directly. This resulted in a plasmid named 

pReplacer (figure below; part A).  

 
 

 Genes of interest were inserted using the multiple cloning site of pReplacer 

(figure above; part B) based on the reactions described in 2.2.2.9.1. and 2.2.2.9.2. 

 The mutagenesis cassette can be excised from the backbone of the pReplacer 

with restriction enzymes Not I or Sac II at the 5’ and Apa I or Kpn I at the 3’ end. The 

purified linear recombination substrates were used for homologous recombination 

electroporating DY380 bacterial cells containing the MCMV-GFP BAC (as described 

in 2.2.2.9.3). Electroporated cells were incubated for 1.5h at 30°C with shaking, 

plated on an agar-plate containing chloramphenicol (BAC cassette) and kanamycine 

(mutagenesis cassette) and incubated at 30°C for 24-36h. Obtained colonies were 

used to inoculate 5 ml of LB growth media (cam/kan). BAC DNA was extracted as 

described in 2.2.2.3. and recombinant MCMV genomes were analyzed by restriction 

digest. Positive clones were used to inoculate 100 ml LB (midi prep). BAC DNA was 

extracted as described in 2.2.2.4.2. and used for transfection of 10.1 cells 

(reconstitution of virus; described in 2.2.1.7.). The genomes of recombinant viruses 

were analyzed by Southern blot.  
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2.2.2.11. Southern blot – Neutral Transfer 

2.2.2.11.1. DNA Transfer  

 Virus growth kinetics and analyses of recombinant mutants were done by 

Southern blot with samples of DNA extracted from 5x105 infected cells at an MOI of 5 

TCID50/cell (as described in 2.2.1.6.2.). DNA was extracted as described in 2.2.2.1. 

and digested with the restriction endonuclease EcoR I or Hind III. DNA fragments 

were separated by agarose gel (size 15x20 cm) electrophoresis as described in 

2.2.2.7. After electrophoresis, the gel was placed in denaturing buffer for 30 min. at 

room temperature and slowly shaken. The gel was rinsed with water and transferred 

to neutralizing buffer where it was incubated for 30 min with shaking. From the 

neutralizing buffer, the gel was transferred to transfer buffer (10x SSC) and soaked 

for 30 min with slowly shaking. Immediately before the transfer, a membrane was 

immersed in H2O and then soaked in transfer buffer (10x SSC) for 5 min. The 

transfer stack (figure below) was mounted by placing the “stack tray” on a bench, 

making sure that it is horizontal. Into the stack tray 20 sheets of dry thick blotting 

paper, 4 sheets of dry thin blotting paper on the top, one sheet of thin blotting paper, 

prewetted in transfer buffer, the membrane, the gel, and 3 sheets of thin blotting 

paper, prewetted in transfer buffer were placed, attaching the “buffer tray” and filling 

the buffer tray with transfer buffer. Connecting the gel stack with the buffer tray, using 

the pre-cut “buffer wick” presoaked in transfer buffer, started the transfer. On top of 

the stack a wick cover was placed to prevent evaporation. The DNA transfer 

continued for 3-8 hours followed by gentle washing of the membrane in 2x SSC for 5 

min. The membrane was placed on a filter paper to remove any excess of 2x SSC 

buffer, and the DNA was covalently bound to the membrane by UV crosslinker (total 

dose of 120 mJ/cm2).  
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2.2.2.11.2. Probe Synthesis  

Probes for the Southern blot were prepared according to the random primed 

labelling technique with random hexamers and a dNTP mix containing alkali-labile 

Digoxigenin-11-dUTP (Roche Applied Science). Template DNA: GFP gene (772 bp 

EcoR I / Not I fragment of pEGFP-N1), PGK promoter (516 bp EcoR I / EcoR V 

fragment of pSTK146) and KanR gene (1071 bp EcoR I  fragment of pSLFRTkn) were 

prepared by cutting 5 μg of plasmid DNA and purifying the fragment as described in 

2.2.2.8. For the labelling reaction, 300ng of purified DNA was used in total volume of 

16μl. The DNA solution was denatured by heating to 95˚C for 10 min and quickly 

cooled in an ice bath. The denatured template was mixed with 4 μl of the labelling 

mix and incubated ON at 37˚C. The labelling reaction was stopped by adding 2 μl 

0.2M EDTA (pH 8,0) and heating to 65˚C for 10 min. Synthesized probes were used 

immediately or stored at 4˚C 

2.2.2.11.3. Hybridization and Detection   

 Membrane was pre-incubated with 20 ml of Dig Easy Hyb (Dig HighPrime 

Labelling Kit component) at 42˚C for 30 min with gentile agitation in a hybridizing 

oven. The digoxigenin-labelled probe was denatured by heating to 95˚C for 5 min 

and adding it to the fresh pre-heated DIG Easy Hyb (15 ml at 42˚C). The 

hybridization mixture was added to the membrane and incubated ON at 42˚C. The 

hybridization was followed by washing steps: 2x 5 min in 2x SSC with 0.1% SDS 

under constant agitation at 25˚C; 2x 15 min in 0.5xSSC, 0.1% SDS (prewarmed to 

wash temperature) at 65-68˚C under constant agitation. After washing, the 

membrane was rinsed briefly (1-5 min) in washing buffer and incubated in the 

blocking solution for 30min at RT (blocking solution is supplied with the kit), followed 

by incubation in the antibody solution (blocking solution with anti-digoxigenin-alkaline 

phosphatase antibody 1:10000) for 1h. After incubation, the membrane was washed 

2x 15 min in washing buffer and incubated in detection buffer for 5 minutes to 

equilibrate the pH at 9.5. The membrane was then placed on a sheet of plastic 

folium, and 2ml of chemiluminescent substrate for alkaline phosphatase was applied 

(CSPD ready to use supplied with the kit). Immediately, the membrane was covered 

with another sheet of plastic folium to distribute the substrate evenly, and incubated 

for 5 min at RT. The liquid excess was squeezed out and the edges of the plastic 
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folia were sealed. The membrane was exposed to an X-ray film for 5-60 min. Films 

were developed using a Kodak X-Omat developing machine.  

 
2.2.2.12. Protein Analysis  

2.2.2.12.1. Preparing Samples for SDS-PAGE 

 Samples for SDS PAGE were prepared by collecting 5x105 cells (cell scraper 

or trypsinization) with medium into 2ml tubes. Cells were pelleted and resuspended in 

300 μl Triton-lysis buffer and incubated on ice for 20 min. After this, the suspension 

was centrifuged at 16000g for 10 minutes, and the supernatant was transferred into a 

new tube. 300 μl of 2x loading buffer was added to the protein extract and the 

samples were incubated at 95°C for 7 min, followed by cooling on ice. Denatured 

samples were used immediately in further experiments or stored at -20°C. 

2.2.2.12.2. SDS Polyacrylamid Gel Electrohoresis  

 Proteins of interest were analysed by polyacrylamid gel electrophoresis 

according to standard procedures (Sambrook and Russell, 2001) in a Mini-

PROTEAN 3 cell system (BIO-RAD) with a gel size of 80 mm x 80 mm x 1.5 mm.  

Separating polyacrylamid gels were prepared according to the table: 

 

 

 

 

 

 

 

 

Stacking gels were prepared as 4% with the components: 

POLYACRYLAMID 
GEL 

4% (ml) 

H20 3 

Tricine gel buffer 1,3 

Rotiphorese Gel 0.7 

10%APS 0.1 

TEMED 0.01 

POLYACRYLAMID 
GEL 

7,5% (ml) 10% (ml) 12,5% (ml) 

H20 3 2,1 1,3 

Glycerol 1,2 1,2 1,2 

Tricine gel buffer 3,3 3,3 3,3 

Rotiphorese Gel 2,5 3,4 4,2 

10%APS 0.1 0.1 0.1 

TEMED 0.01 0.01 0.01 
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All components for the separating gel were mixed, and the mixture was poured into 

the assembled gel casting system and overlaid carefully with H20 to prevent drying of 

the polymerized gel. After polymerization (15-20min), water was removed and the 

mixture for a stacking gel was poured (1/5th of size of separating gel). A comb was 

inserted to create wells for loading the samples. The polymerized gel was inserted 

into the electrophoresis chamber, protein samples were loaded (2.2.2.12.1.), and 

separation of proteins was carried out at 100 V for 1-3 hours. With the help of a 

prestained protein size-marker, loaded in a separate sample well, it was possible to 

determine the desired protein separation.  

2.2.2.12.3. Western Blot  

 After electrophoresis, proteins were transferred from the gel to a nitrocellulose 

membrane by the “semi-dry” method in a Fastbloter (Biometra). 5 sheets of Whatman 

paper (0.35 mm) were soaked in the transfer buffer and placed on the anode of a 

blotting chamber. A membrane in the size of the gel was immersed in transfer buffer 

and placed on top of the blotting stack. The gel was placed on the membrane and 

covered with 5 pre-soaked sheets of Whatman paper. The chamber was closed with 

the cathode and the transfer was carried out for a period of 3h at a constant current 

of 2mA per cm2 of gel.  

  The membranes with transferred proteins were briefly washed in DPBS and 

processed according to following scheme: 
1.    Washing, briefly in DPBS 

2.    Blocking,  in blocking solution 1h at RT  

3.    Primary antibody  solution 4h-ON at 4˚ 

4.    Washing, 3x briefly with DPBS 0.5%Tween 

5.    Washing, 3x10min with DPBS 0.5%Tween 

6.    Secondary antibody solution 1h at RT 

7.    Washing, 3x briefly with DPBS 0.5%Tween 

8.    Washing, 3x15min with DPBS 0.5%Tween 

9.    Washing, briefly in DPBS 

  

After stringent washing, the membrane was overlaid with 2 ml of the HRP 

chemiluminescent substrate (chemicals A + B, 1:1; Amersham Bioscience) for a few 

minutes in a dark room. The membrane was placed between two sheets of 
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transparencies and exposed to X-ray film for 30 s – 10 min. Films were developed in 

a Kodak X-Omat developing machine. 

2.2.2.12.3. Immunofluorescence analysis 

 Subcellular localization of proteins was analyzed by immunofluorescence 

microscopy with the help of secondary antibodies conjugated with fluorescent 

molecules. On the day before the assay, cells were seeded on sterile coverslips 

placed into a 6cm cell culture dish at subconfluent density (i.e. 3x105 cells). On the 

next day, growth medium was removed, and cells were carefully washed with DPBS 

and processed according to the scheme: 
1.    Fixation with 3% paraformaldehyde for 20 min at RT 

2.    Washing with DPBS  

3.    Incubation with stabilization buffer for 5 min at RT 

4.    Washing with DPBS 

5.    Permeabilization with permebilization buffer for 10 in at RT 

6.    Washing with DPBS 

7.    Blocking with blocking solution for 10 min at RT 

After blocking, the coverslips were transferred into a humidified chamber where 50 μl 

of a primary antibody solution was applied and incubated for 2h at 37°C. The 

coverslips were transferred into a 6cm culture dish and washed 5x with DPBS 

containing 3% Tween. After washing, coverslips were placed back into the humidified 

chamber, and 50 μl of secondary antibody solution was applied. The cells were 

incubated for 1h at 37°C. During the last 15 minutes, nuclei were counterstained with 

DAPI (addition of 50 μl of a 100ng/ml solution). After the incubation, coverslips were 

washed in a 6 cm culture dish 5x with DPBS-Tween, and 1x with H2O. The coverslips 

were carefully placed on a drop of mounting medium (cells facing down) on a glass 

slide and analyzed with a fluorescent microscope (Zeiss).  

 
2.2.2.13. Terminal Deoxynucleotidyltransferase-mediated dUTP Nick end 

Labeling (TUNEL) 
Cleavage of genomic DNA during apoptosis may yield double stranded, low 

molecular weight DNA fragments (mono- and oligonucleosomes) as well as single 

stranded breaks (“nicks”) in high molecular weight DNA. Such DNA - strand breaks 

can be identified by labeling free 3’-OH termini with modified nucleotides (e.g. TMR 

red labeled nucleotides) in an enzymatic reaction by Terminal deoxynucleotidyl 



Materials and Methods                                                                                                  
 
 

 

40

transferase (TdT). TdT catalyzes polymerization of labeled nucleotides to free 3’-OH 

DNA ends in a template-independent manner (TUNEL-reaction). TMR red labeled 

nucleotides, incorporated in nucleotide polymers, are detected and quantified by 

fluorescence microscopy or flow cytometry (Gavrieli et al., 1992).  

To analyze MCMV induced apoptosis in nonpermissive human cells, RPE1 

cells were grown on coverslips as described in 2.2.2.12.3., and infected at an MOI of 

5 TCID50/cell, and fixed with 4% paraformaldehyde for 1h at RT. Cells were briefly 

washed in DPBS and permeabilized with permeabilization solution for 2 min on ice. 

Afterwards, cells were washed twice in DPBS, and the coverslips were transferred to 

a humidified chamber. Cells were stained with 50μl of TUNEL reaction mixture 

(containing TdT and nucleotide mixture; Roche Applied Science) for 1h at 37°C. 

During the final 15 minutes, nuclei were counterstained with DAPI (addition of 50 μl 

of 100 ng/ml solution) and washed 3x with DPBS. Samples were analyzed at an 

excitation wavelength of 520-560nm and an emission wavelength of 570-620 nm (red 

filter). The percentage of apoptotic cells was determined by counting 500 cells in 

about 20 random visual fields. 

 
2.2.2.14. Caspase 9 Fluorometric Activity Assay 

Caspases (cysteine-aspartic-acid-proteases) represent a group of proteases with a 

crucial cysteine residue that are able to cleave other proteins with high specificity for 

a substrate and a specific recognition sequence after an aspartic acid residue. The 

Caspase 9 Fluorometric Protease assays Kit provides a tool for assaying the activity 

of caspases (caspase 9) that recognize the protein sequence LEHD. The assay is 

based on detection of cleavage of substrate LEHD-AFC (AFC: 7- amino - 4 -

trifluoromethyl coumarin). LEHD-AFC emits blue light (λmax = 400 nm), and upon 

cleavage of the substrate by caspase 9, free AFC emits a yellow-green fluorescence 

(λmax = 505 nm), which can be quantified using a fluorometer. 

 In order to determine the activity and the role of caspase 9 in apoptosis 

induced by MCMV in human cells, a fluorometric assay was employed. 1x106 cells 

were infected with MCMV at an MOI of 5 TCID50/cell, and harvested 72 hours after 

infection. As a positive control, cells were treated with staurosporine (a protein kinase 

inhibitor and well known inducers of apoptosis (Chae et al., 2000; Tafani et al., 2001) 

at a final concentration of 50 nM and 500 nM for 24 hours, and collected as 

described in 2.2.2.12.1. Cells were pelleted by centrifugation (8000g for 5 minutes), 
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medium was removed, and cells were resuspended in 50 μl of the Cell Lysis Buffer 

(supplied with the kit) and incubated on ice for 10 min. To the lysis mixture, 50 μl of 

2x reaction buffer and 5μl LEHD-AFC substrate (supplied wit the kit) was added. The 

reactions were incubated at 37°C for 2h, transferred to a 96-well plate and analyzed 

using a FLUOstar Optima fluorescent plate reader (400nm excitation and 505 nm 

emission filters). Comparison of the fluorescence of AFC from an apoptotic sample 

with uninduced controls allowed determination of the fold increase in caspase 9 

activity.  
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3. Results  

 3.1. Analysis of MCMV Replication in Human Cells  

3.1.1. MCMV Replicates in Human 293 and 911 Cells 
 Previous studies have shown that cytomegaloviruses can enter cells of other 

species but do not replicate in them (Bruggeman et al., 1982; Kim and Carp, 1972; 

Lafemina and Hayward, 1988). To analyze this phenomenon, various human cell 

types were infected with an MCMV expressing the green fluorescent protein (MCMV-

GFP) at a low multiplicity of infection (MOI). MCMV-GFP infected human cells as 

indicated by GFP expression, but the infection did not spread from infected to 

uninfected neighboring cells, and the GFP expressing cells disappeared over time 

(Tab. 1). Only in human embryonic kidney 293 and human embryonic retinoblast 911 

cells, a cell-to-cell spread of infection was noticed: groups of green cells and 

occasionally even the formation of small plaques could be observed (Tab. 3.1. and 

Fig. 3.1.).  

 
Table 3.1. MCMV replicates in human 293 and 911 cells. Cells of mouse and human origin were 
infected with MCMV-GFP at a low MOI and observed over a period of 15 days. Cell types were 
marked as a “permissive”, when groups of green cells or the formation of plaques were observed. In a 
“nonpermissive” cell type the infected cells disappeared over a time or disintegrate shortly after 
infection.  

Cell line Species Permissive for MCMV 

10.1 Mouse permissive 

NIH 3T3 Mouse permissive 

293 Human permissive 
911 Human permissive 
CaCo-2 Human nonpermissive 

HeLa Human nonpermissive 

Hep G2 Human nonpermissive 

HFF Human nonpermissive 
HK-2 Human nonpermissive 
MRC-5 Human nonpermissive 

RPE1 Human nonpermissive 

T98G Human nonpermissive 
U373-MG Human nonpermissive 

   



Results 
 
 

43

Figure 3.1. MCMV replicates in human 293 and 911 cells. Fluorescent image of cells infected with 
MCMV-GFP at a low MOI, 24 hours and 5 days after infection: A and B) murine 10.1 cells; C and D) 
human MRC-5 cells; E and F) human HK-2 cells; G and H) human 911 cells ; I and J) human 293 
cells; K and L) human RPE1 cells. The areas of the virus spread are circled, and the arrow points to 
the small membrane vesicles and fragments of the disintegrated infected cell. Magnification 200x.  

3.1.2. Growth kinetics of MCMV in Human Cells  
 A growth kinetics experiment showed that human 293 and 911 cells can 

support MCMV replication, although virus release was delayed and reached lower 

titers as compared to permissive murine cells (Fig. 3.2 A). In primary human 

embryonic lung fibroblasts (MRC-5) and retinal pigment epithelial cells (RPE1) as 

well as in all other human cells analyzed, MCMV replication was not detected. RPE1 

and MRC-5 cells were used for further analyses, because they are among the few 

cells that are permissive for human cytomegalovirus. When infected at a low MOI, 

even 293 and 911 cells did not release substantial amounts of virus into the 

supernatant (Fig. 3.2 B), probably because the cells grew faster than the viral 

infection could spread, and infected cells were eventually diluted out.   

 

 

 

 

 

 

 

 
 
 
Figure 3.2. Growth kinetics of MCMV-GFP in murine 10.1 cells and human 293, 911, RPE1 and 
MRC-5 cells. Cells were infected at an MOI of 5 TCID50/cell (A) and an MOI of 0,2 TCID50/cell (B). 
Virus titers determined in the supernatants at indicated days post infection. The zero time represents 
the virus titer after washing (2 hours p.i.).  
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3.1.3. Impaired MCMV Gene Expression in Nonpermissive Human Cells 
 To identify a block in the cascade of viral gene expression as a possible 

underlying mechanism of the species barrier (Mocarski and Courcelle, 2001), the 

expression of an immediate-early (IE1), an early (E1), an early-late (M44) and a late 

(gB) gene was analyzed in permissive and nonpermissive cells (Fig. 3.3). In 293 

cells, all kinetic classes of genes were expressed, although the early and the late 

gene were expressed less extensive and delayed compared to murine cells. In the 

nonpermissive RPE1 cells, by contrast, expression of the late protein gB was not 

detectable. 

 

Figure 3.3. Impaired MCMV gene expression in nonpermissive human cells. Permissive murine 
10.1 cells, permissive human 293 and nonpermissive human RPE1 cells were infected at an MOI of 5 
TCID50/cell and viral immediately early (IE1), early (E1), early-late (M44) and late (gB) gene 
expression was analyzed by Western blot at indicated hours post infection.  

 

3.1.4. Delayed MCMV Replication in Permissive Human Cells 
 Analysis of viral replication by Southern blot showed that MCVM replicates in 

permissive human 293 cells, with delay as compared to the murine cells. 

Surprisingly, virus replicated also in nonpermissive human RPE1 cells but the DNA 

occurred only transiently (Fig. 3.4).  Starting at day 2 after infection, massive cell 

death was observed with infected nonpermissive cells: i.e. cells disintegrated and 

detached from the culture dish, probably accounting for the transiently apparent DNA. 

 

Figure 3.4.  Delayed MCMV replication in permissive human cells. Permissive murine 10.1 cells, 
permissive human 293 and nonpermissive human RPE1 cells were infected at an MOI of 5 TCID50/ 
cell and viral DNA replication (vDNA) was analyzed by Southern blot (probe labeled against the GFP 
gene) at indicated hours post infection. 
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3.1.5. MCMV Induces Apoptosis in Nonpermissive Human Cells 
 The observation that nonpermissive human cells die rapidly upon MCMV 

infection was confirmed by an apoptosis-specific assay (Fig. 3.5). Permissive murine 

and human cells did not show almost any signs of apoptosis 72 hours after infection, 

in contrast to the nonpermissive human cells where 50% of cells were apoptotic. The 

percentage of apoptotic cells, can be assumed to be even greater, since the dead 

cells disintegrated and detached from the specimen and could therefore not be 

analyzed.      

Figure 3.5. MCMV induces apoptosis in nonpermissive human cells. Murine 10.1 cells, 
permissive human 293 and 911 cells, nonpermissive human RPE1 and MRC-5 cells grown on 
coverslips were infected at an MOI of 5 TCID50/cell and a percentage of apoptotic cell determined by 
TUNEL assay at indicated time points.  
 

 3.2. Transforming Nonpermissive Human Cells to Permissive  

Human 293 and 911 cells showed permissivety for MCMV replication (3.1.2.), and all 

other human cells tested were nonpermissive. These two cells lines differ from other 

human cells analyzed in the way that they were transformed with adenovirus type 5 

DNA and express adenoviral E1 genes, E1A and E1B (Fallaux et al., 1996; Graham 

et al., 1977). The 293 cell line also contains sequences from the adenovirus E4 

region, but the 911 cell line does not. The 293 cells are the most commonly used cell 

line for producing adenovirus that provide the E1 protein in trans, allowing the E1 

deficient adenovirus to replicate in the cells, and 911 cells represent an improved 

alternative system. The E1A region encodes a primary RNA transcript that is 

processed by differential splicing to yield five distinct mRNA and proteins (Fallaux et 

al., 1996). These proteins have a wide range of biological activities that include: 
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transcriptional activation, transcriptional repression, induction of DNA synthesis, 

suppression of differentiation, growth arrest, stabilization of p53 that leads to nuclear 

accumulation and induction of apoptosis, immortalization of primary rodent cells and 

transformation in cooperation with the viral E1B gene products (Stephens and 

Harlow, 1987; Ulfendahl et al., 1987). As the E1A proteins do not possess an intrinsic 

enzymatic or specific DNA binding activity, it is generally assumed that they exert 

their effects indirectly by affecting the activities of cellular regulatory proteins. And 

indeed, it has been shown that E1A complex specifically with a number of cellular 

proteins including: CREB binding protein (CBP), p300, pRB, p130 and p107, 

p60/cyclin A, and various other components of cellular expression machinery 

(Debbas and White, 1993; Frisch and Mymryk, 2002; Mymryk et al., 1994).  

On the other hand, the E1B region encodes by alternatively spliced mRNAs 

two distinct proteins, E1B-55k and E1B-19k, involved in suppression of apoptosis. 

E1B-55k blocks p53-mediated transcriptional activation by binding directly to its 

amino-terminal transactivation domain (Rao et al., 1992; Shenk and Flint, 1991), thus 

inhibiting both p53-induced growth arrest and apoptosis. E1B-19k, first discovered as 

mutated in adenovirus mutants exhibiting cytopathic effect and cellular DNA 

degradation (cyt/deg phenotype) indicating its role in cell death suppression (Debbas 

and White, 1993; Martin and Berk, 1998). Limited sequence homology may exist 

between the highly conserved BH1 domain of Bcl-2 and E1B-19k protein, but the 

functional equivalence has been confirmed in many instances (Pilder et al., 1984; 

Takemori et al., 1968). Like Bcl-2, E1B-19k inhibits cell death induced by diverse 

stimuli such as TNF-α, Fas, DNA damaging agents, ultraviolet radiation, and growth 

factor deprivation (reviewed in Chiou et al., 1994). Interestingly, E1B-19k suppresses 

apoptosis induced by TNF-α by direct binding to Bax preventing formation of a 500-

kDa Bax complex and apoptosis. However, binding of E1B-19k does not occur in 

apoptosis induced by E1B-19k deficient adenovirus (Tarodi et al., 1994), indicating 

that E1B-19k has alternate means of suppressing cell death. However, this 

knowledge about the special properties of 293 and 911 cells led to a hypothesis that 

transcriptional activation (properties of E1A protein) or inhibition of apoptosis 

(properties of E1B proteins) or both are required for MCMV to replicate in 

human cells.  
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3.2.1. Transduction of RPE1 Cells 

To test the hypothesis that inhibition of apoptosis or/and activation of 

transcription is required for the MCMV to replicate in human cells, E1B-55k and E1B-

19k gene were introduced the into human RPE1 cells, which are nonpermissive for 

MCMV replication. Genes E1A, E1B-55k and E1B-19k were amplified by PCR 

(template pSTK-146) and cloned into the pcDNA3 plasmid vector (e.g Fig. 3.6); the 

constructs were confirmed by restriction pattern and sequencing and re-cloned into 

the retroviral vector pLXSN (e.g. Fig. 3.6). Transduction with the E1A construct was 

not successful, i.e. very low percentage (<1%) of cells expressed protein at a 

detectible level; and the cells expressing the E1A protein were present only 

transiently. Independent overexpression of E1A was not possible since the gene is 

pro-apoptotic and requires E1B-19k co-expression, which is consistent with previous 

reports (Polster et al., 2004). On the other hand, analysis of cells transduced by the 

E1B-55k or E1B-19k retroviral constructs shows high level of expression of the 

inserted gene (Fig. 3.7.). The expression level of E1B-55k was slightly lower when 

compared to expression level of the protein in 293 and 911 cells which can be 

explained by the nature of the insert and adjacent promoter, and an integration site 

(retrovirus / adenovirus DNA). Inserted E1B-55k and E1B-19k genes were expressed 

at expected protein size, 55kDa and 19kDa respectively (Fig. 3.7). Consistent with 

previous reports, analysis of subcellular localization shows perinuclear localization of 

E1B-19k protein (Fig. 3.8 A) and cytoplasmic localization of E1B-55k protein with 

condensed perinuclear aggregations (Lomonosova et al., 2002; Rao et al., 1992). 

The analysis of the subcellular protein localization revealed also that majority of cells 

expressed inserted gene (>99% cells transduced) (Fig. 3.8), thus these cells were 

suitable for further experiments.  

 
 
 
 
 
 
 
 
 
 
Figure 3.6. Schematic view of E1B-19k plasmid constructs. Genes E1B-19k and E1B-55k were 
PCR amplified and cloned into the pcDNA3 plasmid vector (e.g. pcDNA3-E1B-19k) and re-cloned into 
XhoI and EcoRI sites of pLXSN retroviral vector (e.g. pLXSN-E1B-19k).  
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Figure 3.7. Expression of E1B-19k and E1B-55k gene in transduced RPE1 cells. Western blot 
analysis of the parental RPE1 cells (mock), transduced RPE1 cells, 293 and 911 cells (positive control 
for E1B-55k expression): A) expression of E1B-19k protein detected with an anti-HA antibody; B) 
expression of E1B-55k protein detected by a specific antibody against the E1B-55k protein. Detection 
of β-actin with a specific antibody served as a loading control.   
 
 

 
 
Figure 3.8. Subcellular localization of E1B-19k and E1B-55k protein in transduced RPE1 cells. 
Immunofluorescent images of RPE1 cells and transduced RPE1 cells: A) subcellular localization of 
E1B-19k detected with anti-HA antibody with DAPI counter stained nuclei; B) subcellular localization of 
E1B-55k detected with specific anti-E1B-55k antibody with DAPI counter stained nuclei. Magnification 
1000x. 
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3.2.2. Human RPE1 Cells Expressing E1B-19k Are Permissive for MCMV 

RPE1 cells expressing adenovirus 5 genes E1B-19k and E1B-55k were tested 

if they had become permissive for MCMV. And indeed, cells expressing the bcl-2 

homolog, E1B-19k, showed spreading of virus from single infected cells to the 

neighboring cells, as it was observed in 293 and 911 cells, whereas E1B-55k had no 

effect on the permissivety (Fig. 3.9). Spreading of virus was even more notable in the 

RPE1 cells expressing the E1B-19k protein than in 293 cells. Slower cell cycle and 

the fact that RPE1 cells are permissive for human cytomegalovirus (HCMV) could be 

accounted for the higher permissivety.  

 
Figure 3.9. Human RPE1 cells expressing E1B-19k are permissive for MCMV. Fluorescent image 
of cells infected with MCMV-GFP at a low MOI 6 days after infection. A) RPE1; B) RPE1 expressing 
E1B-19k; C) RPE1 expressing E1B-55k. The area of the virus spread is circled, and the arrow points 
to the small membrane vesicles and fragments of the infected cell undergone apoptosis. 

3.2.3. RPE1 Cells Over-expressing a Bcl-2 Homolog Are Resistant to 
MCMV Induced Apoptosis  

The adenoviral protein E1B-19k is a well-characterized functional homolog of cellular 

Bcl-2 (Chiou et al., 1994), a regulator of cell-survival and apoptosis. Cells over-

expressing Bcl-2 or a homolog protein are more resistant to various inducers of 

apoptosis, including staurosporine, etoposide, or infection with an E1B-19k-deficient 

adenovirus (Adams and Cory, 1998). Our described microscopic observations 

showed that RPE1 cells expressing the E1B-19k protein were permissive for MCMV 

and did not die upon infection as compared to the parental RPE1 cells. To confirm 

this hypothesis, RPE1 cells were transduced with retroviruses caring genes of other 

bcl-2 homologs, including human bcl-2 and bcl-XL, and UL37x1 gene (vMIA), an 

HCMV functional homolog of bcl-2. Retroviral vectors were constructed as described 

in 3.2.1. All transduced RPE1 cells expressed the introduced gene with an expected 

protein size (Fig. 3.10 A), and showed the expected cytoplasmic-mitochondria 

localization for all of bcl-2 homologs (Fig. 3.10 B) (Goldmacher et al., 1999; Zamzami 
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et al., 1998). To test if transduced RPE1 cells are resistant to apoptosis induced by 

MCMV, cells were infected at a high MOI and analyzed by an apoptosis specific 

assay (TUNEL assay). And indeed, RPE1 cells expressing a bcl-2 homolog were 

much more resistant to apoptosis as compared to the parental RPE1 cells or RPE1 

expressing E1B-55k protein (Fig. 3.11). However, overexpression of cellular Bcl-2 or 

Bcl-XL was less efficient than viral homologs in preventing cell death. This could be 

explained by the nature of the proteins where viruses would develop very specialized 

proteins for interception of the antiviral response, which would not necessarily have 

the same potency in inhibition of apoptosis by other factors like chemical or physical 

agents.   

 
 
Figure 3.10. RPE1 cells expressing different Bcl-2 homologs. A) Western blot analysis of the 
parental RPE1 cells (C) and transduced cells expressing E1B-19k, Bcl-2, UL37x1 and Bcl-XL detected 
with anti-HA antibody. Detection of β-actin with a specific antibody served as a loading control; B) 
Merged immunofluorescent images (anti-HA and DAPI counter-stained nuclei) of RPE1 cells 
expressing bcl-2, bcl-XL, UL37x1 protein. Magnification 1000x. 

 
Figure 3.11. RPE1 cells expressing a bcl-2 homolog are resistant to MCMV induced apoptosis.  
Human RPE1 cells (MOCK) and RPE1 expressing E1B-55k, E1B-19k, UL37x1, Bcl-2, or Bcl-XL were 
grown on coverslips and infected at an MOI of 5 TCID50/cell. The percentage of apoptotic cells was 
determined at the indicated time points by TUNEL assay.   
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3.2.4. A Bcl-2 Homolog is Required for the MCMV Replication in Human 
RPE1 Cells 

 Overexpression of the cellular Bcl-2 or homolog strongly suppressed 

apoptosis induced by MCMV in human cells (Fig. 3.11), leading to the conclusion that 

also replication of virus may be enabled. Therefore, to analyze if MCMV replication is 

facilitated in cells expressing different Bcl-2 homologs, as observed for E1B-19k, 

transduced cells were infected at different MOIs. Expression of E1B-55k had no 

effect on the permissivety of RPE1 cells, whereas any of the bcl-2 homologs 

rendered human RPE1 cells fully permissive for MCMV replication (Fig. 3.12 A). 

Even after low MOI infection, the virus spread across the whole monolayer and 

reached remarkably high titers in RPE1 cells expressing E1B-19k (Fig. 3.12 B). Thus, 

a single gene of HCMV can facilitate MCMV replication in human cells. 

 
 
Figure 3.12. A bcl-2 homolog is required for the MCMV replication in human RPE1 cells. Control 
RPE1 cells and RPE1 cells expressing a E1B-55k, E1B-19k, UL37x1, Bcl-2 and Bcl-XL protein were 
infected at an MOI of 5 TCID50/ cell (A) and an MOI of 0,2 TCID50/ cell (B). Virus titer was determined 
in the supernatant at indicated days post infection. The zero time represents the residual virus after 
washing (2 hours  p.i.). 
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 3.3. Construction of Recombinant MCMVs that Are Able to 
Replicate in Human Cells 

3.3.1. Recombinant Viruses  
 If a bcl-2 homolog is sufficient to allow MCMV replication in cultured human 

cells, it should be possible to construct a recombinant MCMV that can replicate in 

human cells. To create space for the insertion of foreign genes, the region m02 – 

m06 of the MCMV genome was deleted. This region contains well-characterized 

immune evasion genes that are necessary for MCMV virulence and pathogenicity in 

mice (Gutermann et al., 2002; Kleijnen et al., 1997; Oliveira et al., 2002; Wagner et 

al., 2002). Therefore, the recombinant viruses should be non-virulent in an 

immunocompetent host. Twelve different apoptosis-related genes and control genes, 

driven by a phosphoglycerate kinase (PGK) promoter, were inserted by homologues 

recombination into the MCMV genome with the help of a plasmid named pReplacer 

(Fig. 3.13). In addition to the adenoviral and Bcl-2 family genes used in the 

experiments expressing inserted gene in trans (transduced cells 3.2.1-3.2.4), a Bcl-2 

homolog from Kaposi Sarcoma associated Herpesvirus (KSBcl-2) (Cheng et al., 

1997) as well as anti-apoptotic genes crmA of cowpox virus (Tewari and Dixit, 1995), 

p35 of baculovirus (LaCount et al., 2000; Xue and Horvitz, 1995), E3L of vaccinia 

virus (Garcia et al., 2002), and IE1 of HCMV were included. Although, the BAC 

mutant with an inserted adenoviral E1A gene was successfully created, a 

recombinant virus could not be reconstituted, probably as a result of the pro-apoptotic 

properties of E1A protein. To test if the site of insertion is important, the UL37x1 gene 

was also inserted at a different location (PCR mediated homologues recombination). 

It replaced the immune evasion gene m152 (Ziegler et al., 1997) and was driven by 

the endogenous m152 promoter.  
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Figure 3.13. MCMV mutagenesis by pReplacer and homologues recombination. A) Schematic 
view of the plasmid for mutagenesis of MCMV. The plasmid contains: 50 bp homology sequences 
upstream of the m02 and downstream of the m06 ORF of MCMV (green boxes), multiple cloning sites 
(MCS) for the insertion of selected genes, driven by a PGK promoter (PGKp), and a KanR expression 
cassette flanked by FRT sites (FRT-Kan-FRT). A linear fragment for the recombination can be excised 
from the plasmid with NotI and Sac II at 3’-end, and Apa I and Kpn I at 5’-end; B) Table with a list of 
the genes inserted into the MCMV genome and obtained virus mutants. The Δm02-m06 mutant 
(deleted region between genes m02 and m06) was made with the pReplacer lacking the PGK 
promoter. UL37x1(2) mutant has the UL37x1 gene inserted on the position of the m152 gene by PCR 
mediated homologous recombination. 

 

3.3.2. Molecular Analysis of Recombinant Viruses  
 Homologous recombination is a reliable and usually precise technology for 

targeted mutagenesis, but sometimes an illegitimate recombination can occur. To 

test the consistency of obtained BAC mutants, extracted BAC DNA was digested and 

the restriction pattern analyzed. Since the complete MCMV genome has been 

sequenced, it is possible to predict the sizes of all fragments after restriction with a 

specific enzyme. All obtained mutants showed an expected restriction pattern after 

digestion with restriction endonucleases EcoR I and Hind III (Table 3.2. and Figure 

3.14. A and B). However, the BAC restriction pattern is very complex, and a 

reconstituted virus after transfection of BAC DNA into host cells can occasionally 

acquire unpredicted rearrangements in the genome, resulting in unwanted mutations. 

Therefore, all virus mutants were analyzed by Southern blotting for a proper 

integration site (Figure 3.14. C) and integrity of the recombinant virus genome. 
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Inserted genes in the MCMV genome are under the control of the strong 

constitutively active phosphoglycerate kinase (PGK) promoter. Expression of inserted 

genes should be independent from the viral gene expression cascade. To test wehter 

inserted genes are expressed from the MCMV genome, a Western blot analysis was 

performed. Figure 3.14. D shows that all genes were expressed with expected sizes, 

although some proteins (e.g. UL37x1) give rise to stronger bands, probably due to 

higher stability of proteins.   

Table 3.2. Analysis of recombinant viruses. Table with a list of specific differences in the EcoR I 
and Hind III restriction pattern of recombinant virus BAC DNA, and sizes of the recombinant virus-
specific EcoR I fragments detected by the Southern blot. Digoxigenin-labeled probe were created 
against the PGK promoter (PGKp) and Kanamycin resistance gene. 
 

VIRUS BAC 
ECOR I (BP)

BAC 
HIND IIII (BP) 

KANAMYCIN 
(1447 BP) (+/-) 

PGKP  
(BP) 

MCMV-GFP   
(wild type) 

22816W 33142W 
2158W 

- - 

MCMVΔm02-m06 14471M 

4207M 
29915M 
1247M 

+ - 

MCMV-E1B-55k 14471M 
6237M 

30283M 
1662M 
1247M 

+ 6237 

MCMV-E1B-19k 14471M 
5307 M 

31015M 
1247M 

+ 5307 

MCMV-Bcl-2 14471M 
5496 M 

31204M 
1247M 

+ 5496 

MCMV-Bcl-XL 14471M 
5478 M 

30283M 
1247M 
952 M 

+ 5478 

MCMV-UL37x1 14471M 
5265 M 

30973M 
1247M 

+ 5265 

MCMV-KSBcl2 14471M 
5304 M 

31012M 
1247M 

+ 5304 

MCMV-p35 14471M 
5676 M 

30086M 
1298 M 
1247M 

+ 5656 

MCMV-CrmA 14471M 
5802 M 

31510M 
1247M 

+ 5802 

MCMV-IE1 14471M 
6200 M 

31908M 
1247M 

+ 6200 

wFragment will not be present in recombinant virus;    MFragment will be present in recombinant virus.  
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Figure 3.14. Molecular analysis of recombinant viruses. A) and B) examples of the analyses of the 
restriction pattern of BAC DNA digested with EcoR I and Hind III, respectively. Restriction pattern of 
MCMV-GFP (wt); MCMV-GFP with a deleted region between m02 and m06 (Δm02-m06); MCMV with 
inserted genes Bcl-2, Bcl-XL, UL37x1, E1B-19k and E1B-55k. C) Southern blot analysis of 
recombinant viruses. Specific digoxigenin-labeled probes were used to detect the Kan cassette 
(fragment 1447 bp; presented in all recombinant viruses), and PGK promoter (specific fragment sizes 
for each recombinant virus; 4200-6200 bp) in DNA sample digested with EcoR I. D) Analysis of 
expression of inserted genes by Western blot. 10.1 cells were infected at an MOI of 5 TCID50/cell, and 
24 hours p.i. proteins were analyzed with an anti-HA or an anti-E1B-55k antibody. Detection of β-actin 
with a specific antibody served as a loading control. 

 

3.3.3. Recombinant Viruses Retain Wild-Type Replication Properties in 
Murine Cells 
 Expression of an inserted gene into the MCMV genome could interfere with 

expression of other important genes, or could have influence on the cell by the 

expressed protein per se, resulting in slower or defective virus growth. Therefore, to 

test whether the recombinant viruses have normal growth properties compared to the 
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parental virus (wild type), a growth kinetics analysis was performed. All obtained 

recombinant virus showed growth properties equivalent to the wild type virus in 

murine cells. Specific differences between the viruses could not be observed (Fig. 

3.15). 

 
Figure 3.15. Recombinant viruses replicate with wt kinetics in murine cells. Growth analysis of 
recombinant viruses on murine 10.1 cells. Cells were infected with recombinant virus at an MOI of 0,2 
TCID50/cell. Virus titers were determined in the supernatant at 6 days p.i.   

 

3.3.4. MCMV Expressing a Bcl-2 Homolog Replicates in Human Cells  
 The recombinant viruses were tested for their ability to facilitate MCMV growth 

on human RPE1 cells. Figure 3.16 shows that only MCMVs expressing a Bcl-2-like 

protein were able to replicate in human cells, whereas MCMVs expressing viral 

genes that inhibit different pathways of apoptosis were not. Even after infection at a 

very low MOI, the recombinant viruses containing a bcl-2-like gene could form 

plaques on RPE1 cells (Fig. 3.16 B). The infection spread across the entire 

monolayer and could be passaged serially on RPE1 cells.  

 Recombinant virus with an inserted UL37x1 gene at a different locus 

(replacing the m152 gene), under control of the endogenous m152 promoter, also 

replicated in RPE1 cells, albeit to slightly lower titers (Fig. 3.16 A). This may reflect 

the fact that the m152 promoter is an early promoter and as such does not provide 

the gene product immediately after infection.  

 To exclude the possibility that MCMV replication based on Bcl-2 is a specific 

property of RPE1 cells only, and not a general mechanism for crossing a species 

barrier by MCMV, MRC-5 cells were infected with different MCMVs including MCMV 

expressing a Bcl-2 homolog. Indeed, viruses expressing a Bcl-2 homolog were able 

to replicate in human MRC-5 cells when infected at high MOI (Fig. 3.17). 
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Interestingly, MRC-5 cells infected at a low MOI did not result in significant virus 

outcome (virus detected in supernatant was below the detection limit), although 

localized virus growth was observed when cells infected with an MCMV expressing a 

Bcl-2 homolog. Such a finding is similar to the results obtained with 293 and 911 cells 

infected with MCMV (wt) at low MOI suggesting that additional factors are required 

for MCMV to replicate more efficiently in human cells. 

 
Figure 3.16. MCMV expressing a Bcl-2 homolog replicates in human RPE1 cells. Cells were 
infected at an MOI of 5 TCID50/cell (A) and an MOI of 0,2 TCID50/cell (B). Titer of virus: MCMV (M), 
MCMV-GFP (MG), MCMV-GFP with deleted region between m02 and m06 (Δm02-m06), MCMV-GFP 
expressing E1B-55k, E1B-19k, Bcl-2, Bcl-XL, UL37x1, KS-Bcl2, CrmA, E3L, p35, IE1 and mRFP 
protein, and MCMV-GFP expressing UL37x1 gene inserted at the position of m152 gene (UL37(2)) 
was determined in the supernatants at indicated days post infection. The zero time represents the 
virus titer after washing (2 hours  p.i.). 
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Figure 3.17.  MCMV expressing a Bcl-2 homolog replicates in human MRC-5 cells. Cells were 
infected at an MOI of 5 TCID50/cell. Titer of viruses: MCMV-GFP (MG), MCMV-GFP expressing Bcl-
XL, E1B-19k, UL37x1 and p35 protein was determined in the supernatants at indicated days post 
infection. The zero time represents the virus titer after washing (2 hours p.i.). 
 

3.3.5. MCMV Induces Apoptosis in Human Cells Mediated by Caspase-9  

 Bcl-2 and its homologs block apoptosis by inhibiting mitochondrial cytocrome c 

release and subsequent activation of caspase-9 (Zhu et al., 1995). Our observation 

that Bcl-2-like proteins inhibit MCMV-induced apoptosis of human cells suggested 

that MCMV infection causes activation of caspase 9 and cleavage of downstream 

effectors such as caspase 3 and poly(ADP-ribose) polymerase (PARP). Accordingly, 

caspases 9 and 3 and PARP were cleaved in MCMV-infected RPE1 cells (Fig. 3.18 

A). Similarly, these molecules were cleaved in cells infected with an HCMV strain, 

where the UL37x1 was deleted (Fig. 3.18 A). This is consistent with a previous study, 

which showd PARP cleavage in human fibroblasts infected with a UL37x1 mutant 

HCMV (Ziegler et al., 1997). Caspase 9, caspase 3, and PARP were not activated 

when viral DNA replication was inhibited by phosphonoacetic acid (PAA), indicating 

that viral DNA replication or events after DNA replication were responsible for the 

induction of apoptosis (Fig. 3.18 A). To confirm the role of caspase 9 in mediating the 

apoptosis induced by MCMV in human cells, activated caspase was analyzed with an 

alternative approach. Analysis of the caspase 9 activity by a fluorometric assay 

showed (Fig 3.18 B) strongly activated caspase 9 in cells infected with MCMV as well 

as in cells incubated with staurosporine (well defined inducer of apoptosis used as a 

positive control for caspase 9 activation). 
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Figure 3.18. MCMV induces apoptosis in human cells mediated by caspase-9. A) RPE1 cells 
were infected at an MOI 5 TCID50/cell with MCMV or HCMVΔUL37x1. Uncleaved and cleaved 
(activated) forms of caspase 3 and 9, and PARP protein were detected by Western blot at indicated 
hours post infection. Cells were treated with phosphoacetic acid (PAA) at a concentration of 0,25 
mg/ml 15min before and during the infection. B) activity of caspase 9 in cell lysates from RPE1 cells 
treated with staurosporine (STS) or infected with MCMV (72 hours p.i.) analysed by caspase-9 
fluorometric kit. 

3.3.6. Inhibition of Caspases Allows MCMV to Replicate in Human Cells  

Obtained results suggested that MCMV induces the intrinsic mitochondrial 

apoptosis pathway that can be inhibited by Bcl-2-like proteins. Bcl-2 keeps integrity of 

mitochondrial membrane and prevents release of cytocrome c upon apoptotic 

signals, and subsequent activation of downstream caspases. To test whether 

inhibition of caspases alone can allow MCMV to replicate in human cells, cells were 

treated with zVAD-fmk, a general inhibitor of caspases. Results showed that 

inhibition of caspases allowed MCMV to replicate in human RPE1 cells (Fig. 3.19), 

which is consistent with the hypothesis, that inability to inhibit apoptosis prevents 

MCMV replication in human cells.  

 

 

 

 

 

 

Figure 3.19. Inhibition of caspases allows MCMV to replicate in human RPE1 cells. Human 
RPE1 cells were treated with zVAD-fmk (in DMSO) 30 min prior the infection and trough the 
experiment. Titer of virus was determined in the supernatants at indicated time post infection.  
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3.4. Rat cytomegalovirus (Maastricht) Replicates in Human Cells 
Expressing a Bcl-2 Homolog  
 

To analyze whether the requirement of a bcl-2-like gene is specific for MCMV 

or whether this principle is of more general importance, we infected RPE1 cells and 

RPE1 cells expressing E1B-19k with rat cytomegalovirus (RCMV, Maastricht strain). 

Like MCMV, RCMV grew only in the presence of a bcl-2 homolog (Fig. 3.20). The 

amounts of virus released from RPE1-E1B-19k cells were low, but plaque formation 

seen in these cells after low-MOI infection clearly indicated virus replication and 

spread. Taken together, the results suggest that the inability to inhibit apoptosis in 

human cells limits cross-species infections and represents an important determinant 

of MCMV’s and RCMV’s species specificity. 

 
Figure 3.20. Rat cytomegalovirus (Maastricht) replicates in human cells expressing a Bcl-2 
homolog. A) Rat embryonic fibroblasts (REF), human RPE1 cells and RPE1 cells expressing E1B-
19k protein were infected with RCMV at an MOI of 5 TCID50/cell. Virus titers were determined in the 
supernatants at indicated days post infection. The zero time represents the virus titer after washing (2 
hours p.i.); B) Phase contrast image of RPE1 cells expressing E1B-19k 7 days after low-MOI infection 
with RCMV. Plaque formation as indication of virus replication and spread was not seen in normal 
RPE1 cells. 
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4. Discussion 

 4.1. Species Specificity of Cytomegaloviruses – in vitro 

Viruses have gone through a coevolution with their hosts, during which they have 

adapted to them. As a result of this adaptation, many viruses have a limited host 

range. Cytomegaloviruses (CMV) are generally regarded as highly species specific, 

because they replicate only in cells of their own or a closely related species 

(Mocarski and Courcelle, 2001). However, the nature of the species specificity and 

the underlying molecular mechanisms are poorly understood. Exceptions to the host 

specificity of CMVs have been reported in a few instances, such as the growth of 

murine CMV in cells obtained from various related species (Kim and Carp, 1971; 

Raynaud et al., 1969), the growth of vervet CMV in human fibroblasts (Plummer et 

al., 1969) and the adaptation of human CMV to growth in monkey cells (Macfarlane 

and Sommerville, 1969; Perot et al., 1992). Various analyses of the CMV species 

specificity have indicated that the host cell restriction to CMV replication observed in 

nonpermissive cells is the result of a postpenetration block to viral gene expression 

and not of a failure to enter cells (Fioretti et al., 1973; Kim and Carp, 1972; Lafemina 

and Hayward, 1988). Inside the cell, viruses need to overcome several innate 

immune defenses in order to replicate and spread efficiently. These include toll-like 

receptor signaling (Tabeta et al., 2004), triggering of the interferon response (Hengel 

et al., 2005), activation of cellular stress responses (Gaspar and Shenk, 2006), and 

induction of apoptosis (Goldmacher et al., 1999). Consequently, viruses have 

evolved a number of strategies to intercept cellular defense mechanisms and prevent 

premature cell death. It has recently been reported that proteins involved in 

suppression of cellular defenses can act in a species-specific fashion and limit a virus 

to a specific host as shown for the human immunodeficiency virus Vif protein and the 

Myxoma virus interferon-signaling obstruction (Mariani et al., 2003; Wang et al., 

2004).  

 This study revealed a molecular mechanism underlying the cytomegalovirus 

species specificity, and for the first time documents efficient murine CMV replication 

in human cells (Fig. 3.1 - 16). All previous attempts to grow MCMV in human cells 

have failed (Kim and Carp, 1971; Kim and Carp, 1972; Reed et al., 1975). The only 

exception is a reported adaptation of a field mouse CMV to various cell lines that has 

been contradicted in a later study (Kim et al., 1974; Raynaud et al., 1969).   
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 Moreover, this study showed that MCMV does not require species-specific 

factors (e.g. murine transcription factors) to replicate in human cells. Thus, human 

cells are entirely accessible for replication of MCMV.  

 4.2. The role of Caspases in CMV Induced Apoptosis  

It is generally accepted and well established that a variety of physiological and non-

physiological stimuli can provoke apoptotic cell death, among them metabolic 

disturbance due to chemical or physical insults, developmental cues, or intracellular 

pathogens (O'Brien, 1998; Vaux and Strasser, 1996). This study reveals that human 

cells infected with MCMV enter apoptosis, and that premature cell death limits 

efficient virus replication.  

After internalization, MCMV is able to express a subset of genes in non-

permissive human cells, and even replicate its DNA to a limited extent, indicating that 

there are no general blocks to the complete cascade of gene expression of the 

murine virus in human cells (Fig. 3.3). However, 48 - 72 hours after infection cells 

started to die rapidly of apoptosis (Fig. 3.5). Interestingly, apoptosis activation 

coincided with replication of viral DNA, indicating an apoptosis signal late in the viral 

life cycle: either late gene products, or accumulation of viral DNA, or assembly / 

egress of virus particles trigger the signal for apoptosis. Activation of apoptosis is 

abolished in the presence of an inhibitor that blocks progression of the viral life cycle, 

i.e. the viral DNA polymerase inhibitor phosphonoacetic acid (PAA) or an inhibitor of 

protein translation (Fig. 3.18.) (Reboredo et al., 2004). 

Caspases, a group of cysteine proteases, have a major role in execution of 

apoptosis. Caspases are enzymes with a crucial cysteine residue that can cleave 

other proteins after an aspartic acid residue (cysteine-aspartic-acid-proteases), and 

being activated after an apoptotic stimulus. Caspases can be divided into the group 

of initiator caspases (e.g. caspase 2, 8 and 9) and the effector caspase group, 

including caspases 3, 6 and 7. Apoptosis induced by MCMV in nonpermissive human 

cells can be suppressed by zVAD-fmk a general inhibitor of caspases, indicating a 

major role of caspases in this process. Moreover, inhibition of caspases by zVAD-fmk 

restores the virus' ability to replicate in human cells (Fig. 3.19). This is consistent with 

the hypothesis that activation of apoptosis limits the MCMV cross-species infections.  
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Detailed analyses of the caspase cascade activation showed that MCMV 

triggers the intrinsic (mitochondrial) apoptosis pathway in human cells, with 

subsequent activation of caspase 9 (Fig. 3.18). Activation of caspase 9 does not 

occur in MCMV infected mouse fibroblasts, indicating the virus' inability to prevent a 

death signal from a “sensor” to mitochondria in cells of other species.  However, this 

study showed a role of the intrinsic apoptosis pathway, but did not rule out the 

possibility that signals for apoptosis could be mediated trough caspase 8, directly or 

trough cleavage of Bid (Li et al., 1998). Analysis of the pathways that initiate 

apoptosis faces several experimental difficulties. Namely, in the absence of a specific  

caspase inhibitor (most of chemical inhibitors inhibit more than one caspase) it is very 

difficult to dissect contribution of a certain caspase for the analyzed apoptotic event. 

Moreover, activation of caspases occurs in a rapid chain-reaction in which all of the 

apoptosis-associated caspases eventually experience proteolytic maturation, 

regardless of the initial trigger (Zhivotovsky, 2003). A schematic overview of the 

apoptosis cascade in MCMV infected human cells is presented as a figure 4.1.  

 

 

Figure 4.1. Apoptosis cascade in the MCMV infected human cell. A schematic overview of the 
signaling cascade in MCMV-induced apoptosis in nonpermissive human cells. The infected cell 
senses the presence of an intercellular pathogen and triggers a signal for apoptosis (death signal) that 
leads to the activation of caspase 9 and subsequent activation of caspase 3. Caspase 3 cleaves many 
different proteins involved in maintenance of the cell and genome integrity, including poly(ADP-ribose) 
polymerase (PARP, commonly used as a marker for activated caspases), and leads to destruction of 
the cell. The death signal could also activate caspase 8, as a first one in the chain of activation, which 
will further activate caspase 9 and 3. The question marks represent the unresolved interactions / 
activations.  
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 4.3. Cytomegalovirus Requires a Suppression of Apoptosis   

Regulation of apoptosis relies on a complex network of signaling molecules and 

proteins, in many cases with a dynamic balance between pro-apoptotic and anti-

apoptotic factors. A major role in the regulation of apoptosis has been assigned to 

members of the Bcl-2 family, defined by inclusion of at least one of four distinct Bcl-2 

homology (BH) domains and the variable presence of a putative membrane-spanning 

region at the C-terminus (Cory and Adams, 2002). The Bcl-2 family encompasses 

both anti-apoptotic (e.g. Bcl-2, Bcl-XL) and pro-apoptotic regulators (e.g. Bax, Bak). 

Anti-apoptotic members of the Bcl-2 family have a key role in inhibition of 

mitochondrial dysfunction, i.e. mitochondrial membrane permeabilization, and release 

of cytochrome c that leads to formation of the apoptosome (the caspase activation 

complex) and activation of caspase 9 (Chang and Yang, 2000). Pro-apoptotic 

members of the family promote the process of mitochondrial membrane 

permeabilization.  

This study shows that expression of a Bcl-2 homolog inhibits apoptosis 

induced by the virus infection and allows MCMV replication in human cells (Fig. 3.11 

- 12). Interestingly, many large DNA viruses encode a Bcl-2 homolog, including all 

known gamma herpesviruses, adenoviruses, and all primate cytomegaloviruses 

(reviewed in Benedict et al., 2002; Cuconati and White, 2002; Polster et al., 2004) 

implying an indispensable role in the viral life cycle.  

The human cytomegalovirus encodes a viral mitochondrial inhibitor of 

apoptosis, vMIA (UL37x1 gene), and this protein was shown to be required for 

efficient replication of the HCMV strain AD169 (Brune et al., 2003; Reboredo et al., 

2004; Yu et al., 2003). However, it was reported recently that vMIA is not required for 

efficient replication of the HCMV strain Towne, although a UL37x1 deletion mutant 

caused increased apoptosis of infected fibroblasts (McCormick et al., 2005). The 

non-functional inhibitor of caspase-8 activation vICA (UL36 gene) encoded by AD169 

strain was proposed as an explanation for the observed discrepancy. However, 

recent results showed that vMIA is also required for efficient replication of the clinical 

strain VR1814/FIX, which encode a functional vICA (S. Hölzer and W. Brune, 

unpublished). Since Towne and FIX both encode a functional copy of the inhibitor of 

caspase-8 activation, vICA, whereas AD169 does not, the requirement of vMIA 

(UL37x1) appears to be strain-dependent, but not dependent on the function of vICA.  
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Nevertheless, insertion of the UL37x1 gene, or any other Bcl-2 homolog, into 

the MCMV genome is sufficient to facilitate MCMV growth in human cells (Fig. 3.16). 

This leaves two possible explanations: Either MCMV does not encode a Bcl-2-like 

protein and does not need it for replication in murine cells, or the virus does encode 

such a protein, but it functions in a species-specific manner (i.e. in murine but not in 

human cells). MCMV lacks an obvious sequence homolog to UL37x1, but a recent 

reevaluation of the genome sequence has identified a previously unrecognized ORF, 

m38.5, which is a positional homolog of UL37x1 and shows a low-level sequence 

similarity to this HCMV protein (McCormick et al., 2003). The protein encoded by 

m38.5 localizes to mitochondria and inhibits cell death induced by a proteasome 

inhibitor, but does not inhibit Fas-induced apoptosis of human HeLa cells like 

UL37x1/vMIA does (McCormick et al., 2005). Thus, it remains to be determined 

whether the m38.5 protein is a true functional homolog of UL37x1, and whether it 

functions in a species-specific fashion.  

Another recent study has detected increased levels of the cellular anti-

apoptotic Bcl-2 family protein Bfl-1/A1, but also of the pro-apoptotic protein Bim in 

MCMV-infected dendritic cells (Andoniou et al., 2004). Although the study did not 

resolve whether the increased Bfl-1/A1 levels were responsible for the observed 

resistance of infected cells against apoptotic stimuli, it points out the possibility that 

MCMV could compensate for a lack of a Bcl-2-like protein by upregulating a cellular 

anti-apoptotic gene. The same study has revealed Bax and Bak translocation to 

mitochondria and their oligomerization in MCMV-infected mouse dendritic cells 

(Andoniou et al., 2004). Despite both Bax and Bak displaying characteristics typical 

for apoptosis, the mitochondrial membrane potential was not affected, nor was 

cytochrome c released into the cytoplasm, and cells were resistant to apoptosis. This 

finding raises the interesting possibility that MCMV sequesters Bax and Bak in 

oligomeric complexes, which are structurally distinct from those required to induce 

apoptosis. Alternatively, additional proteins may be required to cooperate with 

Bax/Bak oligomers to induce mitochondrial permeabilization. Thus, MCMV revealed 

the possible existence of a check-point in the Bcl-2-regulated apoptotic pathway after 

translocation/oligomerization of Bax and Bak (Andoniou et al., 2004) that might not 

be functional in human cells.  

Interestingly, recombinant viruses expressing the CrmA protein (Cow pox), 

p35 protein (baculovirus) or E3L protein (Vaccinia virus) were not able to replicate in 
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human cells, despite antiapoptotic function of these proteins. CrmA is potent inhibitor 

of cell death induced by various inducers like Fas ligand and TNFα, or growth factor 

withdrawal by direct inactivation of caspase 8 (Ray et al., 1992; Tewari and Dixit, 

1995; Zhou et al., 1997). p35 forms inhibitory complexes with a number of caspases, 

including caspase 1, 3, 6, 7 and 8 (Beidler et al., 1995; LaCount et al., 2000; Xue and 

Horvitz, 1995; Zhou et al., 1998). Vaccinia virus E3L protein downregulates dsRNA-

dependent protein kinase (PKR) activity and intercepts antiviral response of infected 

cell, and also confers resistance to dsRNA-triggered apoptosis (Chang et al., 1992; 

Davies et al., 1993; Garcia et al., 2002). The inability of these proteins to prevent cell 

death could be explained in two different ways: CrmA, E3L and p35 interrupt cellular 

defense systems bypassed by MCMV-induced triggers; or inhibition points are too 

low in the death signaling cascade and cannot be prevented anymore. Although 

these proteins were not adequate to inhibit apoptosis induced by MCMV, they could 

help to understand (e.g. exclude) pathways involved in apoptosis induced by this 

virus. Figure 4.2 represents a schematic overview of possible molecular mechanisms 

that lead to apoptosis in MCMV-infected human cells.  

 4.4. Cell Defense versus Virus Infection 

The present study shows that inhibition of apoptosis allows not only the murine but 

also the rat cytomegalovirus to cross the species barrier and replicate in human cells 

(Fig. 3.20). It has been assumed that both viruses, MCMV and RCMV,  do not 

encode a Bcl-2 homolog, or that their Bcl-2 homologs have not been discovered yet. 

This is consistent with a phylogenetic study of the UL36 gene within the 

betaherpesvirus group, where MCMV and RCMV, together with herpesvirus tupaia 

form a separate branch of the phylogenetic tree. Rodent cytomegaloviruses are more 

closely related to primate CMVs (human, chimpanzee) than to other 

betaherpesviruses (human herpesvirus 6 and 7) (McCormick et al., 2003). However, 

this indicates that the mechanism identified is not unique to MCMV but could be a 

model for cross-species infections at a much wider range. Furthermore, the 

acquisition of an apoptosis suppressor may represent an initial adaptation to a new 

host and subsequent divergence.  

Activation of apoptosis by MCMV in human cells raises the question, whether – 

conversely – human cytomegalovirus triggers apoptosis upon infection of rodent 

cells. Similar to MCMV, HCMV can efficiently enter cell of other species (e.g. murine, 
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guinea pig), and it has been reported that major IE1 expression determined by viral 

IE1 regulatory sequences is also not species restricted (Angulo et al., 1998; Grzimek 

et al., 1999). However, preliminary data from our laboratory indicate that HCMV-

infection of murine cells is not a potent inducer of apoptosis, in contrast with MCMV 

in human cells. This suggests that the species specificity of HCMV relies on a 

different intracellular mechanism. Mouse fibroblasts infected with HCMV do not show 

strong CPE (Jurak I. and Brune W. unpublished) in contrast with previous reports 

where HCMV induced strong CPE in guinea pig cells (Fioretti et al., 1973), indicating 

that expression of HCMV immediate early and early genes could be impaired in 

mouse cells (Garcia-Ramirez et al., 2001).  

 Until recently, it has not been known that viruses like cytomegalovirus are 

recognized in infected cells, and that the natural host triggers an innate immune 

response to the infection. Novel technologies of high-throughput screening and 

induced mutagenesis have revealed virus mutants that can not circumvent premature 

cell death, i.e. virus mutants lacking an inhibitor of apoptosis, and have made very 

important contributions to the understanding of the life cycle of large DNA viruses 

(Fischer et al., 2006; Goldmacher et al., 1999; Wasilenko et al., 2003). However, the 

presence of undiscovered inhibitors of apoptosis and a compensatory effect when 

more than one suppressor is encoded, represents a major obstacle for understanding 

signals in innate immune response, i.e. triggering of apoptosis. 

 One of the most intriguing questions in analyzing apoptosis triggered by the 

virus is the nature of the host intruder-recognition machinery. New evidences have 

arisen recently in favor of the DNA-damage response as a sensor for unscheduled 

DNA replication. Cytomegaloviruses replicate their DNA by a rolling-circle 

mechanism (McVoy and Adler, 1994) producing concatemeric molecules that can be 

branched and possess multiple exposed free DNA ends that may be recognized by a 

DNA-damage check point (Gaspar and Shenk, 2006; McVoy and Adler, 1994; Smith 

and Mocarski, 2005). It has been shown that HCMV induced phosphorylation of Chk2 

(DNA damage response kinase) and p53 (Shen et al., 2004), and caused the 

mislocalization of DNA damage check point proteins (i.e. ataxia-telangiectasia 

mutated (ATM) kinase, Chk1 and  Chk2). Surprisingly, a cooperative function of vMIA 

and the growth arrest and DNA damage 45 (GADD45)-family members in 

suppression of apoptosis has been demonstrated (Smith and Mocarski, 2005). 
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However, an exact role of DNA damage check point proteins in the antiviral response 

is still elusive. 
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FADD: Fas-associated death domain proteins;  Apaf1: Apoptotic peptidase activating factor1; GADD45: Growth arrest and 
DNA damage-inducible protein 45; vMIA: viral mitochondria-localized inhibitor of apoptosis; vICA: viral inhibitor of caspase-8-
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Figure 4.2. Signaling events in the cell infected with CMV. A schematic overview of signal-
cascades in cell infected by cytomegalovirus. Adhesion of virus to the cell surface receptor EGFR 
triggers exntensive cell-signaling involving MAP kinase pathways (MAPK); PKC; JAK-STAT pathway 
leading towards the expression of genes involved in the antiviral state. By unknown mechanism, the 
virus could stress, (in)directly, receptors like Fas leading to formation of  the DISC and activation of 
caspase 8. Caspase 8 can pass the death signal to caspase 3, which activates degradation of a 
number of proteins involved in maintenance of cellular integrity (e.g. PARP, lamin). The death signal 
can branch from caspase 8 to mitochondria via the cleaved form of the Bid protein. Bid promotes 
mitochondrial membrane permeabilization (MMP) and release of cytocrome c. MMP can result from 
directly activated pro-apoptotic Bcl-2-family members (e.g. Bax, Bak) by unknown signaling. 
Release of cytocrome c leads to a formation of an apoptosome and subsequent activation of 
caspase 9. Activated caspase 9 leads to activation of caspase 3 and cell death. Intercellular 
presence of virus can be recognized by DNA-damage-check-point proteins (DDCP) that induce
phosphorylation of p53, leading to a cell cycle block and apoptosis. Viruses interfere with the 
antiviral response at different levles: vICA inhibits caspase 8 activation; vMIA protein binds pro-
apoptotic proteins and prevents MMP; vMIA binds GADD45 protein increasing its own ability to 
prevent apoptosis and subvert cell-cycle block; unidentified virus proteins miss-localize DDCP 
proteins from the nucleus to the cytoplasm; the IE1 protein inhibits STAT signaling; m41 inhibits 
apoptosis and is Golgi-localized; there is a number of suspected and undiscovered virus proteins 
involved in suppression of the antiviral response. 
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 4.5. Species Specificity of Cytomegaloviruses – in vivo 

Considering the large size and the protracted replication cycle of the CMVs it seems 

likely that these viruses have found ways to subvert many if not all aspects of innate 

immunity. CMV proteins inhibiting apoptosis (Brune et al., 2001; Brune et al., 2003; 

Goldmacher et al., 1999; Ménard et al., 2003; Skaletskaya et al., 2001) and the 

interferon response (reviewed in Hengel et al., 2005) have already been identified, 

and viral proteins blocking TLR signaling or the stress response are likely to follow 

(Krug et al., 2004; Tabeta et al., 2004). Analyses of the viral inhibitors of the adaptive 

immune response encoded by HCMV and MCMV, e.g. proteins downregulating MHC 

class I surface expression, have shown that some of the proteins do not function 

properly with target molecules of other species (Machold et al., 1997). Thus, it can be 

assumed that some of the viral inhibitors of the innate immune response will also 

operate in a species-specific fashion. Inhibiting apoptosis of the infected cell is clearly 

a crucial task for the virus (Benedict et al., 2002) and can restrict the virus' cell 

tropism (Brune et al., 2001) and host range as is shown here. However, the fact that 

MCMV replicates slower and spreads less efficiently in human cells even in the 

presence of an anti-apoptotic protein suggests that inhibition of apoptosis represents 

an important, but not the only limiting factor for efficient replication and spread.  

The ability of MCMV to grow in cultured human cells after insertion of a Bcl-2 

homolog may raise two important questions: Can similar process happen in nature 

and create a novel human pathogen? Are viruses obtained in the laboratory of any 

danger for human health?  

Cytomegaloviruses, including murine cytomegalovirus, are strictly species 

specific and cannot replicate in cells of other species. This study has revealed the 

molecular basis of the species barrier of rodent cytomegaloviruses in vitro (cultured 

cells), but it cannot reflect a replication potential of these viruses in vivo. Phylogenetic 

studies have concluded that herpesviruses speciation occurred at approximately the 

same time as did host speciation. Thus, herpesviruses have an intimate shared 

evolutionary history with their hosts, resulting in a strict virus adaptations to a certain 

host (McGeoch et al., 1995). Through a co-evolution with their hosts, 

cytomegaloviruses and other viruses have developed a number of proteins involved 

in subversion of the host immune response (i.e. immunoevasion) that function in a 

species-specific manner. For an example, murine CMV contains at least three genes 
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(m04, m06 and m152) that encode for gene products that down-modulate the levels 

of major histocompatibility complex class I proteins (MHC-I) on infected mouse cells. 

Virus mutants deficient for any of these genes show a dramatic increase in 

susceptibility to cytotoxic CD8+ T lymphocyte (CTL) clearance in mice (Hengel et al., 

1999). HCMV also encodes a number of proteins involved in MHC-I down regulation 

including US2 and US11 proteins. These proteins were shown to cause the selective 

degradation of endogenous class I MHC molecules of infected human cells. Despite 

the functional analogy, non of these proteins are evolutionary related to murine CMV 

proteins (Kavanagh and Hill, 2001). Furthermore, heterologous expression of these 

proteins resulted in an impaired or abolished function (Machold et al., 1997; Ziegler et 

al., 1997), suggesting that murine and human CMV have evolved these functions 

independently.  

In addition, it is assumed that only one forth of the cytomegalovirus genome (≈ 

50 genes) is indispensable for virus growth in cell culture (Dunn et al., 2003; Yu et al., 

2003), and 3/4 (≈ 120 genes) may encode factors of virulence, pathogenesis and cell 

tropism, and many of them may function in a species-specific manner. Therefore, it is 

very unlikely that MCMV or any other cytomegalovirus from a distinct species would 

be an immediate threat for humans. However, to minimize concerns about safety 

issues of the presented work, all recombinant viruses were made in a way that a 

region between genes m02 to m06 was deleted. These genes encode 

immunomodulatory molecules, and virus deficient for this region will be completely 

attenuated in vivo. 
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4.5. Concluding Remarks 
 

The present work has revealed a unique principle for the species specificity of 

cytomegaloviruses. These viruses are regarded as strictly species specific, as they 

replicate only in cells of their own or a closely related species.  

Nevertheless, a surprisingly simple molecular mechanism that limits efficient 

replication of rodent cytomegaloviruses in human cells was discovered. A single 

antiapoptotic gene of human CMV or the host cell (Bcl-2-like protein) was sufficient to 

enable MCMV replication in a heterologous host. MCMV does not represent an 

immediate threat to humans, since cytomegaloviruses have developed specific 

adaptations to their hosts. However, recent zoonotic transfers, that caused fatal 

outbreaks in humans, made the understanding of the mechanisms that limits a virus 

to a certain host fundamental.  

Beyond the species specificity, this work made a contribution to a better 

understanding of the life cycle, not only of cytomegaloviruses, but of herpesviruses 

and large DNA viruses in general. Large DNA viruses induce apoptosis in host cells, 

and therefore have evolved suppressors that subvert a triggered host defense. 

However, the amazing adaptation of viruses to their natural hosts based on their 

ability to subvert host defense mechanisms at multiple levels represents a major 

obstacle for a complete understanding of those mechanisms. Cytomegaloviruses 

infecting cells of other species are not able to prevent host defense resulting in a 

premature cell death, as shown for murine virus infecting human cells. In such a 

heterologous system it may be possible to track pathways of the cell-defense from 

recognition of the virus to the final stages of cell death. Thus, our model of the cross-

species infection serves as an excellent tool to investigate cellular antiviral 

mechanisms and virus-host interactions. 
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Apaf1 Apoptotic peptidase 
activating factor1 

APS Ammoniumpersulfat 
ATM Ataxia-telangiectasia 

mutated 
BAC Bacterial artificial 

chromosome 
BH 
domain 

Bcl-2 homology domains 

cAMP  Cyclic adenosine 
monophosphate 

cGMP Cyclic guanosine 
monophosphate 

Chk Checkpoint kinase  
DAPI 4’,6-diamidine-2-

phenylindole 
dihydrochloride 

DDC DNA damage checkpoint 
DISC Death-inducing signaling 

complex 
DMSO Dimethylsulfoxide 
dsDNA Double stranded  

deoxyribonucleic acid 
E. coli Escherichia coli 
EBV Epstein-Barr virus 
ECL Enhanced 

chemiluminiscence 
EDTA Ethylendiamintetraacetic 

acid 
EGFR Epidermal growth factor 

receptor 
EtOH Ethanol 
FADD Fas-associated death 

domain  
FADD Fas-associated death 

domain  
FcR Fc receptor 
FCS  Foetal calf serum 
GADD45 Growth arrest and DNA 

damage-inducible protein 
45 

GFP Green fluorescent protein 
HCMV Human cytomegalovirus 
HHV Human herpes virus 
HSV Herpes simplex virus 
ICTV International Committee on 

Taxonomy of Viruses 
IE  Immediate early  

INFR Interferon receptor 
KSHV Kaposi Sarcoma-

associated herpes virus 
MAPK Mitogen-activated protein 

kinase 
MCMV Murine cytomegalovirus 
MMP Mitochondria membrane 

permeabilization  
mRNA Messenger ribonucleic acid 
ON Over night  
p.i, Post infection 
PAGE Polyacrylamide gel 

electrophoresis 
PARP Poly (ADP-ribose) 

polymerase 
PBS Phosphate buffered saline 
PCR Polymerase chain reaction 
PKC Protein kinase C 
RCMV Rat cytomegalovirus 
RT Room temperature  
SDS Sodium dodecyl sulfate 
SGV Salivary gland viruses  
SSC Sodium-sodiumcitrate 
ssDNA Single stranded  

deoxyribonucleic acid 
ssRNA Single stranded  

ribonucleic acid 
STAT Signal transducer and 

activator of transcription 
TAE Tris-acetat-EDTA 
TBE Tris-borat-EDTA 
TE Tris-EDTA 
TEMED N, N, N’, N’-

Tetramethylethylendiamin 
TNF Tumor necrosis factor 
TNFR Tumor necrosis factor 

receptor 
TRAIL TNF-related apoptosis-

inducing ligand  
Tris Tris (hydroxymethyl)-

aminomethan 
vICA Viral inhibitor of caspase-8 

induced apoptosis 
vMIA Viral mitochondria-

localized inhibitor of 
apoptosis  

VZV Varicella-zoster virus 
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