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Summary 

 

 

To study the possible interference of the herpesviral vFcγRs with the host FcγRs and IgG-

mediated effector functions, a new methodological approach to detect FcγR activating 

antibodies had to be developed. The novel assay comprises the co-cultivation of virus 

infected cells upon opsonization with immune IgG antibodies and the stably transfected 

FcγR-ζ BW5147 transfectants as responder cells. The transfectants express chimeric 

receptors bearing the extracellular domain of the host FcγRs (i.e. human CD16, human 

CD32, human CD64, mouse CD16 and mouse FcRIV) fused to the transmembrane and tail 

domains of the murine CD3ζ chain. Triggering the CD3ζ chain is sufficient to elicit IL-2 

secretion in a dose dependent manner which is measured in an ELISA. The setup of the new 

assay provides a defined effector cell population bearing one Fcγ receptor on the surface, 

which becomes activated in the presence of immune IgG antibodies bound to the native viral 

antigens displayed on the surface of infected cells. The assay system allows us to detect and 

quantify Fcγ receptor-activating immune IgG in an FcγR-specific way, which is thought to 

have an important biological function in antiviral defense. 

Several α- and β- herpesviruses express on the surface of infected cells virally encoded 

Fc binding glycoproteins. The assay described above was applied to determine if the viral 

FcγRs are able to impair IgG-mediated activation of host FcγRs. In a systematic approach, 

the effect on each host FcγR by each of the herpesviral FcγR was investigated. Using both a 

loss of function approach (vFcγR gene deletion mutants) and a gain of function approach 

(recombinant vaccinia viruses expressing herpesviral FcγR), a selective inhibition of host 

FcγRs by disctinct herpesviral FcγRs when bound to antiviral IgG was determined. It was 
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found that HCMV FcγR gp68 affects activation and downstream signaling of CD16 > CD32 = 

CD64, while gp34 attenuates CD16 > CD64 > CD32. In clear contrast, HSV gE impairs CD16 

activation and weakly CD32, but has no effect on CD64. Furthemore, MCMV m138/fcr-1 

diminishes activation of mouse CD16. 

Taken together, this data uncover herpesviral FcγRs as hierarchical and redundant 

antagonists precluding host FcγRs from triggering immune responses. 
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Zusammenfassung 

 

 

Um die Wirkung herpesviral-kodierter FcγRezeptoren (vFcγR) auf wirtskodierte zelluläre 

FcγRezeptoren (FcγR) und IgG-vermittelten Effektorfunktionen untersuchen zu können, war 

es notwendig einen methodisch neuen Ansatz zu entwickeln, der die Detektion FcγR-

aktivierender Antikörper ermöglicht. Dieses neuartige Assay beinhaltet die Kokultivierung 

virusinfizierter Zellen, die mit virusspezifischen IgG-Antikörpern opsoniert sind, mit FcγR-

ζ BW5147-Transfektanten als Reporterzellen. Diese stabilen Transfektanten exprimieren 

chimäre Rezeptoren, die aus der extrazellulären Domäne der zellulären FcγRezeptoren (d.h. 

entweder humanem CD16, humanem CD32, humanem CD64, murinem CD16 oder murinem 

FcRIV) bestehen, welche mit der Transmembrandomäne und intrazellulären Domäne der 

murinen CD3ζ-Kette fusioniert wurden. Die Aktivierung der CD3ζ-Kette führt zu einer IgG-

dosisabhängigen mIL-2 Sekretion, die im ELISA gemessen werden kann. Der 

Versuchsaufbau dieses neuartigen Assays gewährleistet eine definierte 

Effektorzellpopulation, die dadurch gekennzeichnet ist, nur einen bestimmten FcγRezeptor 

auf der Oberfläche zu tragen. Dieser chimäre FcγR wird durch virusspezifisches IgG, das an 

native virale Antigene auf der Zelloberfläche infizierter Zellen gebunden ist, aktiviert. Dieses 

Versuchssystem ermöglicht uns die Detektion und Quantifikation von FcγR-aktivierenden 

virusspezifischem IgG in einer FcγR-spezifischen Weise. Dieses FcγR-spezifische immune 

IgG könnte eine wichtige biologische Rolle in der antiviralen Immunabwehr spielen. 

Verschiedene α- und β- Herpesviren exprimieren auf der Oberfläche infizierter Zellen viral-

kodierte Fc-bindende Glykoproteine. Um zu bestimmen, ob virale FcγRezeptoren die IgG-

abhängige Aktivierung von wirtskodierten FcγRezeptoren beeinflussen können, wurde das 
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oben beschriebene Assay angewandt. In einem systematischen Ansatz wurde die Wirkung 

der einzelnen vFcγR auf jeden wirtskodierten zellulären FcγRezeptor überprüft. Durch 

Anwendung einer „loss of function“ (Deletionsmutanten der viralen FcγR)- und einer „gain of 

function“ (Expression der vFcγR durch rekombinante Vakziniaviren)-Strategie konnte eine 

selektive Inhibition der wirtskodierten zellulären FcγRezeptoren durch die einzelnen 

herpesvirale FcγRezeptoren mittels antiviraler IgG-Bindung ermittelt werden. 

Es wurde festgestellt, dass der HCMV-kodierte FcγR gp68 die Aktivierung und die 

nachfolgende Signalkaskade von CD16 > CD32 = CD64 inhibiert, während der HCMV-

kodierte FcγR gp34die Aktivierung von CD16>CD64>CD32 inhibiert. In klarem Kontrast dazu 

wirkt der HSV-kodierte FcγR gE, der CD16 Aktivierung vermindert, CD32 hingegen nur sehr 

schwach und CD64 gar nicht beeinflußt. Der MCMV-kodierte FcγR m138/fcr-1 vermindert die 

Aktivierung des murinen CD16. 

Zusammenfassend betrachtet zeigen die ermittelten Daten, dass es sich bei den herpesviral-

kodierten FcγRezeptoren um hierarchische und redundante Antagonisten der wirtskodierten 

zellulären FcγRezeptoren handelt. Herpesviral-kodierte FcγRezeptoren wirken somit der 

Aktivierung des Immunsystems entgegen. 
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1 Introduction 

1.1 Viruses 

The Russian researcher Dimitrii Ivanowsky was the first to describe a pathogenic agent 

smaller than bacteria in 1892 (Ivanowsky, 1892). He observed after a series of filtration 

procedures, that the causative agent of the tobacco mosaic disease was not retained. Six 

years later, Martinus Beijerinck made the same observation independently. He accomplished 

a conceptual leap primordial for the history of virology: he draw the conclusion that the agent 

causing the tobacco mosaic disease must belong to a distinctive class of agents so small 

that it could even circumvent the traditional filtering procedures used for trapping bacteria 

(Beijerinck, 1898). This same year, Friedrich Loeffler and Paul Frosch determined that the 

agent causing foot-and-mouth disease was also not filterable (Loffler and Frosch, 1898).  

After further experiments, Beijerinck termed the submicroscopic agent contagium vivium 

fluidum emphasizing its characteristics and its infectious nature. This term eventually evolved 

into what we know nowadays as virus, from the latin poison (Hughes, 2001). 

The primordial characteristic of viruses is their absolute dependence on a living host for 

reproduction, thus constituting obligate intracellular parasites. They are very small and 

infectious. The virus genome comprises DNA or RNA, encased in a protective protein 

structure called capsule or nucleocapsid. Many viruses are surrounded by a lipid bilayer 

which they acquire when the nucleocapsid buds through the cell membranes. This lipid 

bilayer is known as virus envelope and contains not only host encoded proteins, but virus 

encoded proteins needed for infectivity as well. Within an adequate host cell, they are able to 

replicate their genome and the virion (free virus particle) components are synthesized by the 

host cell machinery. This progeny or virion particle assembled during the infectious cycle is 

the vehicle of transmission of the viral genome to the next host cell or organism. There it 

disassembles, and the next cycle of infection begins. 
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1.1.1 Herpesvirus Family 

The word “Herpes” comes from the Greek word root herpein, meaning "creeping thing," or 

serpent. The given name is appropriate for describing the way that herpetic lesions “creep” 

and erupt in blisters in a serpent-like pattern. Herpesviruses have a high prevalence 

worldwide. They are highly disseminated in nature. There is at least one herpersvirus yielded 

from most animal species. To date, there are 8 human herpesviruses described:  

• herpes simplex virus type 1 and 2 (HSV-1, HSV-2) and varizella zoster virus (VZV) 

belong to the α-subfamily,  

• human cytomegalovirus (HCMV) and human herpesvirus 6 and 7 (HHV-6, -7) belong 

to the β-subfamily  

• Epstein Barr-virus (EBV) and human herpesvirus 8 (HHV-8) belong to the γ1-

γ2−subfamily, respectively.  

All herpesviruses have a similar virion structure consisting of a core containing a large linear 

double-stranded DNA; an icosahedral capsid from approximately 125 nm surrounding the 

double stranded DNA; the tegument, an amorphous-appearing protein-filled space 

surrounding the nucleocapsid; and the envelope, which encloses the virus particle and 

contains viral glycoproteins on its surface (Figure 1.1). 

 

K.E. Schneweis, Bonn

capsid

envelope

DNA

K.E. Schneweis, Bonn

capsid

envelope

DNA

 

Figure 1.1 Virion structure of herpesviruses consisting of a core with DNA, 
a capsid and an envelope which contains the glycoprotein complexes. A. 
Electron microscopy picture. B.  Schematic representation 

A. B.
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All Herpesviruses share 4 major characteristics: 

1. They encode a large array of enzymes involved in nucleic acid metabolism (like 

thymidine kinases, ribonucleotide reductase, etc), DNA synthesis (DNA 

polymerase, helicase, etc) and processing of proteins (protein kinases)  

2. The synthesis of DNA and the assembly of the capsid takes place in the nucleus 

3. Production of virions is accompanied by a lytic infection, e.g. destruction of the 

infected cell, in the majority of cases 

4. Herpesviruses remain invariably latent in their natural hosts. Latent genomes 

retain the capacity to replicate and cause disease after reactivation. The 

molecular mechanisms causing the reactivation of the productive replication cycle 

are not yet fully understood. 

Members of this family have also some differences in respect of molecular events leading to 

their reactivation and as well in their biological features. Some are strictly species specific 

and replicate relatively slow, as CMV, and others have a wide host cell range in culture and 

multiply fast as HSV-1.  The target cells or tissues where every member of the family 

remains latent also differ between individual members of this family. For example CMV 

remains latent in endothelial cells and monocyte-derived Macrophages (Jarvis and Nelson, 

2002) and HSV-1 in sensory neurons (Cook et al., 1991). The disease manifestations of 

every herpesvirus are also very different. 

Herpesviruses are well adapted to their hosts. In the natural immunocompetent host, fatal 

infections are rare.  

Many of the herpesviral gene products are essential for virus replication in cell culture, but 

many others are considered non-essential, meaning, not needed for growing. Since 

herpesviruses have evolved over a long period of time (80 million years) with their hosts, 

there has been a lot of time for the host immune response to evolve as well. But, the high 

coding capacity of this virus family, with so much possible antigenic proteins to be targeted 

by the immune system positions them masters of immune evasion and molecular piracy 

(Hengel et al., 1998c). Immune evasion refers itself to virus mediated mechanisms that 

counteract immune control. Molecular piracy means viral gene products that modulate the 

immune system because of their homology to host genes, e.g viral interleukin-10 (vIL-10). At 
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the end, a kind of equilibrium is reached by the immunocompetent host, to maintain the virus 

under control and to allow the virus the establishment of a lifelong latency with episodically 

reactivations (Sissons et al., 2002). 

1.1.2 Human Cytomegalovirus (HCMV) 

CMV is a prototypical member of the β-subgroup of herpesviruses. It is an ubiquitous virus 

infection with worldwide distribution in humans. The virion of CMV has a typical herpesvirus 

structure, but it is larger (200-300 nm in diameter). CMV has an icosahedral nucleocapsid 

composed of five core proteins embedded in a tegument containing at least 27 viral proteins 

and a sampling of cellular and viral RNA (Baldick and Shenk, 1996). Many tegument proteins 

are phosphorylated and are thought to play a role in initial replication phases, in virion 

maturation or in immune evasion. The tegument is then enclosed by a lipid bilayer of at least 

20 different virally coded glycoproteins (Britt and Mach, 1996). In the envelope we can find a 

series of glycoproteins which are essential for virus replication, like gB, the gH:gL complex, 

and the gM:gN complex (See Figure 1.1). These glycoproteins have been shown to be 

potential targets for antiviral neutralizing antibodies antibodies.  

HCMV has the largest genome of the herpesviruses (Chee et al., 1990). The AD169 

laboratory strain of HCMV has been completely sequenced and annotated. It has a genome 

of 230 kbp in length. It has an unique long (UL) region and an unique short (US) region 

flanked by terminal (TRL or TRS) and internal repeats (IRL or IRS) long and short, 

respectively. Inversion of these two genome components by recombination during replication 

can give rise to 4 different isomers (Figure 1.2). An estimation of the coding capacity of CMV 

varies between 166 to more than 200 ORF (Open Reading Frames) (Murphy et al., 2003). 

Complete genome sequences have been determined for four bacterial artificial chromosome 

(BACmid) cloned strains like AD169 (Borst et al., 1999b), Towne and TB40E (Sinzger et al., 

2008). This allows the genetic manipulation of the virus in Escherichia coli to create mutants 
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lacking specific genes of CMV. The expression of HCMV genes is tightly coordinated and 

can be divided into immediate early (IE), early (E) and late (L) expression kinetics.  

 

Figure 1.2 The 4 isomers of the HCMV genome with the UL region and US 
region flanked by terminal and internal repeats.  Figure taken from Fields 
Virology, 2001 

Human Cytomegalovirus (HCMV) causes opportunistic disease. HCMV infection leads to 

clinical complications in immunocompromised patients, like AIDS and allograft 

transplantation patients or when the immune system is not yet matured as in foetuses or 

newborns. Infection in an immunocompetent host usually follows an asymptomatic course. 

The primary infection is effectively controlled by a competent immune system, but HCMV 

persists in the host for life in a latent state with periodic reactivations. Factors causing a 

recurrent infection are not well understood. Intimate contact is necessary for HCMV 

transmission due to excretion of HCMV particles into saliva, genital fluids and breast milk. 

Vertical infection from mother to child by breastfeeding is a common mode of infection 

(Hamprecht et al., 2001). HCMV is the only reported herpesvirus that shows natural 

transplacental transmission (Stagno et al., 1986). The reported incidence of HCMV 

congenital infection is 0,5-2,0 % (Peckham, 1991) and is a leading cause of mental 

retardation and deafness in live-born infants. HCMV seroprevalence in adultcan reach almost 

100% in Asia and Africa. In Germany, seroprevalence lies approximately at 50% (Enders et 

al., 2003). 

HCMV is a slow replicating virus (one replication cycle takes 144 hours) and remains cell 

associated, except laboratory strains which are found to shed progeny in cell culture 
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supernatants. Animal models are essential for studying CMV biology in vivo, especially for 

understanding the immune responses and virus spread. Therefore, Mouse cytomegalovirus 

(MCMV) is frequently used for this purpose. Mouse and Human CMV show a range of 

similarities concerning pathogenesis, immunomodulation and latency, but it seems that they 

achieved these ends via evolutionary divergent mechanisms.  

Primary cytomegalovirus infection is controlled by a combination of coordinated innate and 

adaptive immune responses. The immune response starts with the innate response 

comprising interferons (IFN) and activation of NK cells. The efficient protective adaptive 

response appears to be T-cell mediated (Reddehase et al., 1987; Polic et al., 1998), with 

antibody playing a role in recurrent infection (Jonjic et al., 1994d). Nevertheless, 

experimental and clinical evidence suggests that humoral immunity to CMV also plays a key 

role in protecting the host from disease. In the mouse system, the adoptive transfer of 

immune sera to naïve Rag-/- mice was sufficient for effective clearance of the virus after 

challenge (Klenovsek et al., 2007d). Antibodies against numerous immunogenic HCMV 

proteins can be detected in sera from seropositive humans, but they vary in their reactivity 

against these antigens. Nearly all seropositive sera contain antibodies against gB, gH, the 

tegument protein pp150 and to a nonstructural DNA binding phosphoprotein pp52 (Greijer et 

al., 1999; Schoppel et al., 1997). Other targets are matrix antigens like pp71 and pp65. In a 

traditional view, the role of antibodies is mainly to limit the severity of disease, since the 

antibody response is too late in comparison with the T cell response to control infection. 

Nevertheless, antibody response against CMV is important in reactivation or reinfection 

settings (Jonjic et al., 1994c). 

Replicating in the presence of primed immune responses, the virus is constantly subjected to 

immune pressure. To circumvent the immune system, a large fraction of the HCMV genome 

encodes proteins involved in escape of immune control (Hengel et al., 1998b). (See below) 

The development of a successful (i.e. efficient and safe) vaccine for CMV has not yet been 

achieved. In 2001, the WHO (World Health Organization) ranked the development of a 

vaccine against CMV as a top priority and some approaches using inactivated virus, 
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attenuated viruses and recombinant proteins have been made. Unfortunately, these 

approaches have not resulted in protection against viral infection (Adler et al., 1995). 

Currently, 4 antivirals are approved to be used in immunocompromised patients: Ganciclovir, 

Valganciclovir, Foscarnet and Cidofovir. All of them have the downside that they may also 

produce some toxic side effects. Furthermore, chronic administration of these antivirals can 

select resistant viruses. Therefore, patient treatment with hyperimmunoglobulin preparations 

can be an option. These preparations consist of an enriched pool of IgG from more than 

10.000 patients. Preparations like Cytogam® or Cytotect® are indicated for prophylaxis of 

HCMV disease associated with transplantation of solid organs (Boeckh et al., 2004; Sulowicz 

et al., 1998). Unfortunately, most of the studies performed with these preparations had 

demonstrated only a moderate reduction in CMV associated morbidity (Pakkala et al., 1992). 

1.1.3 Herpes simplex virus (HSV) 

Herpes simplex viruses were the first of the human herpesviruses to be discovered. They 

constitute the prototype virus of the α-subfamily. Two types of human herpes simplex viruses 

have been described. HSV-1 causes usually oropharyngeal blisters and HSV-2 causes 

mainly genital infections. HSV-1 virus can also produce severe life-threatening encephalitis. 

Transmission of HSV requires intimate personal contact. Both viruses produce latency and 

frequent episodes of reactivation. In most countries, the seroprevalence for HSV-1 is almost 

of 95-100%. In Germany, the seroprevalence for HSV-1 is approximately 88, 5% in adults, 

and for HSV-2 approx. 20% (Hellenbrand et al., 2005).  

HSV has a genome of ca. 150 kbp. Expression of HSV genes is tightly coordinated and 

occurs in a sequential manner with immediate early, early and late kinetics.  The laboratory 

strain HSV-1F encodes for approximately 90 unique transcriptional units. At least 84 encode 

proteins (Roizman, 1999). In some individuals, reactivation of HSV is followed by clinical 

manifestations as blisters in the lip area for HSV-1 or genital area for HSV-2.  
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The virion of HSV has the typical herpesvirus morphology.  The envelope of the HSV-1 virion 

contains at least 11 different viral glycoproteins (Roizman and Knipe, 2001) which are gB, 

gC, gD, gE, gG, gH, gI, gL and gM. All these glycoproteins could be potential targets for 

antiviral antibodies directed against the virion or against infected cells. 

HSV infection is controlled by innate and adaptive immune defense mechanisms. Innate 

control begins with the interferon (IFN) system and NK cells (Nash and Cambouropoulos, 

1993). Afterwards, the adaptive immune branch plays an important role reducing viral 

replication by CD4 and CD8 positive T cells (Nash et al., 1987). Antiviral antibodies are 

produced, but reactivation and re-infection occurs even in their presence, hence, they are not 

entirely protective (Kahlon and Whitley, 1988) .  

Several protective strategies that limit the severity of pathogenesis and impede infection by 

herpes simplex viruses have been developed. One approach is the antiviral chemotherapy 

using Acyclovir, Penciclovir, Famciclovir and Valacyclovir, among others. But, the antiviral 

chemotherapy can give rise to resistant virus mutants and unresponsiveness to treatment. 

The other approach is the prevention method: safe sex practices like condoms and 

vaccination. A successful vaccination strategy has not yet been accomplished.  

1.2 IgG and IgG-mediated effector functions for viral control  

Viruses and viral proteins are recognized as foreign by the host immune system. Therefore, 

following infection through viruses, specific antibody responses against many viral proteins 

are produced.  

Antibodies exist as five different classes: Immunoglobulin A (IgA), Immunoglobulin E (IgE), 

Immunoglobulin M (IgM), Immunoglobulin G (IgG) and Immunoglobulin D (IgD). They have 

different structures, biological activities and distribution in the body. All antibodies have a 

similar basic structure of two identical heavy chains and two identical light chains, each 

folded into globular immunoglobulin domains (Woof and Burton, 2004). (Figure 1.3) IgM and 

IgA are found as pentamers and dimmers, respectively, in sera. 
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Figure 1.3 Monomeric IgG1: the Fab part or antigen binding part that has 
the paratope recognizing the epitopes expressed by pathogens, eg viruses; 
and the Fc part or fragment crystallisable which is important for mediating 
the different effector functions against pathogens  

In orange: Heavy chain In yellow: Light chain 
Picture from: Woof and Burton, 2004 

IgG accounts for almost 75% of the circulating immunoglobulin, constituting the main 

antibody class in serum. It has a crucial protective capacity against bacteria and viruses.  

There are 4 subclasses: IgG1, IgG2, IgG3 and IgG4 in the human and IgG1, IgG2a, IgG2b 

and IgG3 in the mouse. 

IgG antibodies can be divided in two parts: the Fab part or fragment antigen binding that 

contains the paratope recognizing the epitopes expressed by pathogens, eg viruses; and the 

Fc part or fragment crystallisable which is important for mediating different effector functions 

against pathogens. Therefore, antibodies are crucial molecules that function as adaptors 

linking pathogens with appropriate pathogen elimination mechanisms. 
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The IgG-mediated effector functions can be divided in two major groups (Parren and Burton, 

2001):  

 

1. One targeting directly the integrity of the virus particle, thus impeding infection of 

target cells: 

a. Neutralization: Inhibition of the virus binding to entry receptors and 

therefore, infection of the target cells. 

b. Complement-mediated virolysis: Activation of the classical pathway of the 

complement cascade which terminates in lysis of the envelope which 

surrounds the virion or capsid, therefore finally destroying the virus before 

infection. 

c. Virus aggregation: No binding to entry receptors or inability to loose the 

envelope. 

d. Fc-mediated phagocytosis of immune complexes or pathogens: after 

binding of the antibody to the virion particle, host cells bearing FcγRs (see 

below) are recruited and phagocytosis occurs to improve antigen 

processing and presentation. 

2. One targeting the virus-infected cells, thus impeding virus replication, spread and 

re-infection 

a. Complement mediated-cell lysis: activation of the classical pathway of the 

complement cascade resulting in lysis of the infected cell. 

b. Antibody dependent cellular cytolysis (ADCC) upon binding of the cellular 

FcγR: degranulation of NK cells, Macrophages, Neutrophils or Dendritic 

cells resulting of lysis of infected cells. 

c. Induction of apoptosis of infected cells upon binding to host FcγRs: death 

receptors become activated and apoptosis mediators are released. 

 

Only a minor fraction of the antibodies directed against viral proteins has been demostrated, 

at least in vitro, for having an actual direct antiviral activity on virions (Hangartner et al., 

2006b). This kind of antibodies have been called neutralizing antibodies. For these 

antibodies to be effective, the neutralizing capacity should be of a high affinity and/or avidity 

against exposed structures in native conformation on the surface of the virus. Such 
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antibodies inhibit the virus binding to entry receptors and impede infection of the target cells. 

However, the majority of antibodies produced after infection specific against viral antigens, 

do not have neutralizing activity. They are predominantly directed against defined viral 

epitopes for which antibody binding does not inhibit viral attachment and/or entry, thus, they 

are non-neutralizing antibodies. The protective function of such antibodies is widely 

discussed. Yet, many of these antibodies can elicit immune functions and control certain 

virus infections through activation of complement, increasing phagocytosis and or eliciting 

antibody dependent cellular cytotoxicity (ADCC). For example, Hessell AJ et al, reported that 

there was a dramatic decrease in the ability of a broadly neutralizing antibody to protect 

macaques against SHIV challenge when Fc receptor and complement-binding activities are 

engineered out of the antibody. Furthermore, they showed that no loss of antibody protective 

activity is associated with the elimination of complement binding alone. The results in vivo 

were consistent with in vitro assays indicating that interaction of Fc-receptor-bearing effector 

cells with antibody-complexed infected cells is important in reducing virus yield from infected 

cells (Hessell et al., 2007b).  

1.3 Host Fcγ Receptors (FcγRs) 

The elimination of pathogens, including viruses, and the successful host immune control 

require close collaboration between the humoral and cellular components of the immune 

system. Fc-Binding Receptors (FcRs) function as an important link between these two 

branches of immunity. The FcRs can be divided in two major groups: those which mediate 

transport of immunoglobulin across the epithelium or the endothelium like the FcRneonatal 

(FcRn) (Van Vugt and Van den Winkel, 2001) and those expressed in the surface of 

leukocytes which are specific receptors for each of the 5 different immunoglobulin classes 

and trigger diverse effector functions.   

In general, there exist 5 different types of FcR, each for every immunoglobulin class (Van 

Vugt and Van den Winkel, 2001). The FcαRI (CD89) binds IgA and sIgA (soluble IgA). The 
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FcεR (CD23) has a high affinity to IgE and plays an important role in mast cells as trigger for 

releasing immune mediators. For the FcμR and FcδR, for IgM and IgD respectively, little is 

known but it has been described that they help in the activation of B cells and in antibody 

production.  

The last type of FcR is the receptor for the Fc-domain of IgGs (FcγR). Upon IgG binding, 

FcγRs trigger a diversity of effector mechanisms such as antibody dependent cellular 

cytotoxicity (ADCC), phagocytosis, endocytosis of immune complexes, cytokine production, 

antibody production and facilitation of antigen presentation. FcγRs are subdivided into FcγRI 

(CD64), FcγRII (CD32) and FcγRIII (CD16) differing in cell distribution, affinities for the IgG 

isotypes and effector functions elicited upon activation (Ravetch and Kinet, 1991; 

Nimmerjahn and Ravetch, 2007a).  (Figure 1.4) 

Most leukocyte FcRs exist as heterodimers with unique ligand binding α chains and 

promiscuous accessory subunits, like ζ, γ or β chains (Van Vugt and Van den Winkel, 2001). 

They can be activating receptors, which bear in the cytoplasmic region an ITAM motif 

(immunoreceptor tyrosine-based activation motif) or function as downmodulatory receptors 

because of ITIM motifs (immunoreceptor tyrosine-based inhibitory motif) (Gessner et al., 

1998). Usually, after crosslinking of the different FcRs, a range of biological functions can be 

initiated varying from activating to inhibitory outcomes. Co-engagement of both activating 

and inhibitory signalling pathways is mostly the rule, setting thresholds for, and ultimately 

determining the magnitude of the cell response elicited (Ravetch and Bolland, 2001; 

Nimmerjahn and Ravetch, 2005a). 
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Figure 1.4 Fc receptors for IgG. Human Fc receptors for IgG (FcγRs) can be 
distinguished by their affinity for the antibody Fc-fragment and by the 
signalling pathways they induce. Humans have one high-affinity receptor, 
FcγRI; all other FcRs have low to medium affinity. With respect to the type 
of signals triggered by FcR crosslinking, there is one single-chain 
inhibitory receptor, FcγRIIB, which contains an ITIM in its cytoplasmic 
domain. An activating FcR usually consists of a ligand-binding α−chain and 
a signal-transducing γ-chain dimer, which carries ITAMs. In addition, 
humans have a glycosylphosphatidylinositol (GPI)-linked receptor that is 
exclusively expressed by neutrophils, called FcγRIIIB, which exists in two 
allelic variants NA1 and NA2. Moreover, a variety of human FcγR alleles 
with altered functionality exist. Thus, FcγRIIA131H and the FcγRIIIA158V 
have a higher affinity for certain IgG subclasses compared to their allelic 
counterparts. (from Nimmerjahn and Ravetch, 2007). 

1.3.1 CD64 (FcγRI) 

CD64 is mainly found on monocytes and macrophages, but cytokine dependent expression 

can be induced in neutrophils, eosinophils and subpopulations of dendritic cells. CD64 

represents the sole leukocyte FcγR capable of and preferentially binding monomeric IgG with 

high affinity (Hulett and Hogarth, 1994; Ravetch and Kinet, 1991). This receptor shows 

specificity for the subclasses IgG3, IgG1 and IgG4, in decreasing affinity. It has an 

extracellular region with three Ig-like domains, a transmembrane domain and a cytoplasmic 

tail. The physiological importance of this receptor has not yet been completely elucidated. 

The high affinity for the IgG can result in a ligand-dependent saturation under serum 

conditions (Ravetch, 1997). Even though this may be the case, a role in antigen presentation 

has been recently proposed (Deo et al., 1997; Boruchov et al., 2005a). Also, it has been 

demonstrated, that it plays an important role in different activating immune responses as 
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phagocytosis, cytokine production and ADCC (antibody dependent cellular cytolysis) (Van 

Vugt et al., 1998). 

1.3.2 CD32 (FcRγII) 

In contrast, CD32 has a low/medium affinity for monomeric IgG but responds to aggregated 

IgG (Hulett and Hogarth, 1994). This receptor exists in three isoforms transducing activating 

or inhibitory signals. These isoforms are conserved in their extracellular domain and 

transmembrane regions but differ in their cytoplasmic domains. The isoforms are expressed 

on most types of leukocytes: the FcγRIIa (activating) is expressed on myeloid cells, while the 

FcγRIIb isoforms (inhibitory) are found in mast cells, basophils, B cells and dendritic cells 

(Van den Herik-Oudjik et al., 1996). The FcγRIIc (activating) has been found on NK cells 

(Metes et al., 1998). Crosslinking of CD32 may result in activation or downmodulation of 

immune responses, depending on which isoform is engaged. FcγRIIa crossllinking results in 

phagocytosis, cytokine production, superoxide generation, antigen presentation and ADCC. 

This isoform is unique, since it has a noncanonical ITAM directly in its cytoplasmic region, 

making any accessory chain dispensable. On the other hand, the FcγRIIb isoform is also 

unique, since it has an ITIM directly in their cytoplasmic tails (Van Vugt and Van den Winkel, 

2001). This isoform has been recently shown to play an important function in B plasma cells 

regulation (Xiang et al., 2007; Ono et al., 1996) and in macrophage function (Bruhns et al., 

2003). The IgG subclass binding hierarchy follows IgG3>IgG1. IgG2 binding specificity 

resides on each individual’s FcγRIIA genotype (Hulett and Hogarth, 1994). Namely, a 

histidine in position 131 is responsible for showing this unique feature of binding IgG2.  

1.3.3 CD16 (FcγRIII) 

CD16 binds weakly to monomeric IgG but shows low-to-medium affinity for immune 

complexes (Hulett and Hogarth, 1994). This receptor has two extracellular Ig-like domains, a 

transmembrane region and a 25 aa long cytoplasmic tail. Its expression and functions are 
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dependent upon association with the FcR γ chain in monocytes and macrophages or with the 

γ or δ chains on NK cells. There are two subclasses: the FcγRIIIa and the FcγRIIIb. The 

FcγRIIIa is mainly found in macrophages and NK cells and has two allotypes which differ by 

a single amino acid substitution at position 158 (valine or phenylalanine). The allotypes show 

differential capacities to bind IgG. The FcγRIIIa-158 valine has a higher affinity for IgG1 and 

IgG3 and it is able to bind IgG4 in contrast to FcγRIIIa-158 phenylalanine (van der Pol and 

van de Winkel, 1998). The FcγRIIIb subclass exhibits low affinity for IgG and it is expressed 

on PMNs (Polymorphonuclear leukocytes) exclusively. As a whole, the FcγRIII has a variety 

of biological functions, ranging from phagocytosis, superoxide generation, degranulation and 

ADCC (Van Vugt and Van den Winkel, 2001) (Figure 1.5).  

 

Figure 1.5 Antibody Dependent Cellular Cytolysis. After binding of an IgG 
antibody to the viral antigen expressed on the surface of infected cells, an 
effector cell bearing an FcγR (e.g. NK cells) becomes activated and kills the 
target cell. 

Since more than 90% of NK cells are positive for this FcγR, CD16, in combination with CD56, 

is also one of the markers used for human NK cells identification. It constitutes a 
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transmembrane protein present on prototypical NK cells, arguing for a prominent role in NK 

biology (Mandelboim et al., 1999a). 

1.3.4 Mouse FcγRs 

Concerning the mouse FcγRs, there are some remarkable differences in IgG specificity, 

genetic locuses encoding the expression of the receptors and in some functions 

(Nimmerjahn and Ravetch, 2007a). Murine CD16 is a low-affinity receptor for complexed 

IgG1, IgG2a and IgG2b but not to IgG3. Furthermore, a recently described mouse FcγR, 

FcRIV, exerts additional functions by binding to IgG2a and IgG2b and triggering very 

efficiently ADCC in the mouse (Nimmerjahn et al., 2005a). 

The availability of knock-out mice lacking single, double, or triple FcγR, or even the Fcγ chain 

(Clynes and Ravetch, 1995) will elucidate better the mechanisms involved against viruses in 

ADCC in  in vivo infection models. 

 

Taken together, the cellular phenotypes associated with the FcγR activation in mice and 

humans include, among many: degranulation, ADCC and release of cytokines. In general, 

these phenotypes are indicative for a primordial role mediating inflammatory responses by 

cytotoxic IgGs or IgG immune complexes and virus control. Little is known about the actual 

role of FcγRs in ADCC in the context of antiviral responses. Despite the supposition that 

engagement of FcγRs by IgG is decisive for the generation of immune responses and the 

outcome of many diseases, there exists relatively little methodology to measure these 

immune responses in vitro. This limitation can been attributed to the lack of a simple, reliable 

and standardized assay. Therefore, we pursued the establishment of a method for detection 

of cytotoxic antibodies able to trigger host FcγRs. With this method, we will be able to study 

the role of antiviral IgG-FcγRs interaction and elucidate better, the actual antiviral 

mechanisms involved in ADCC. Furthermore, this methodology represents a novel approach 

for quantifying the activity of virus-immune IgG triggering individual FcγRs. 
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1.4 Immune evasion by herpesviruses  

Herpesviruses achieve permanent infections in their host. For this purpose, they have 

developed several strategies to ensure co-existence. First, they are able to limit the 

expression of viral genes to a minimum at the latent phase of infection. Second, they use as 

target tissue of replication immuno-privileged sites (e.g tissues with less stringent immune 

surveillance). Third, they are able to compromise the antiviral activities of the host by means 

of expression of immune evasive proteins. They are masters of immune evasion and 

molecular piracy (Hengel et al., 1998a). Almost every branch, innate or adaptive, of the 

immune system has been blocked by the herpesviral genes (Mocarski, 2002). Distinct 

herpesviral gene products have been characterized for inhibition in induction of type I 

interferons, inhibition of interferon γ effect, inhibition of antigen presentation, inhibition of T, B 

and NK cell function, inhibition of complement activation, inhibition of chemokine and growth 

factors effect, inhibition of apoptosis and, last but not least, putative inhibition of antibody 

function. New publications show also the inhibiton of CD1 antigen presentation to NKT cells 

(Raftery et al., 2008). (Figure 1.6) 
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Figure 1.6: Almost every branch of the host immune defense can be 
blocked by cytomegaloviral gene products. 
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1.4.1 NK immune evasion by CMV 

The importance of NK cells in HCMV infection was highlighted by the fact that one patient 

with a complete and selective NK cell deficiency suffered from an unusual severe HCMV 

infection (Biron et al., 1989). Also, NK depletion experiments in mice indicated that NK cells 

reduce viral replication in the first days post-infection (Tay et al., 1998). For this goal, CMV 

has developed several mechanisms to evade NK cell recognition and activation 

(Rajagopalan and Long, 2005a). Such mechanisms help cytomegalovirus to persist in its 

host. These include expression of viral homologs of MHC I, which block NK cell-mediated 

killing; selective modulation of MHC I expression to increase inhibition of NK cells; 

interference with cytokine or chemokine pathways involved in NK-cell activation; and 

antagonism of NK-cell activation receptors and their ligands on target cells (See table below).  

Natural killer (NK) cell activation is controlled by the integration of signals from activation and 

inhibitory receptors (Figure 1.7). Inhibitory NK cell receptors recognize self MHC class I and 

restrain NK cell activation (Figure 1.7a). When not impeded by the inhibitory receptors 

signals, binding of NK cell activation receptors to their ligands on target cells results in NK 

cell stimulation (Figure 1.7b). In the absence or downregulation of self MHC class I on the 

target cells, these stimulatory signals are no longer suppressed, resulting in NK cell 

responses including cytokine production and granule release leading to cytotoxicity. NK cells 

do not kill by default; that is, when MHC-I inhibition is absent; the NK cell must still be 

stimulated through activatory receptors. Moreover, whether or not an individual NK cell is 

activated by a target is determined by this complex balance of receptors with opposing 

function and expression of the corresponding ligands. In general, however, inhibition 

dominates over activation. Also, NK cells can be directly stimulated by cytokines such as 

interleukin-12, which triggers the production of other cytokines (French and Yokoyama, 

2004). 
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Figure 1.7 Natural killer (NK) cell activation is controlled by the integration 
of signals from activation and inhibitory receptors. (a) Inhibitory NK cell 
receptors recognize self MHC class I and restrain NK cell activation. (b) 
When not impeded by the inhibitory receptors, binding of NK cell activation 
receptors to their ligands on target cells results in NK cell stimulation, 
resulting in cytokine production or granule release and killing. Picture 
taken from French and Yokoyama, 2004 

Indeed, recent publications had revealed an increasing number of NK cell subversive 

mechanisms by CMV which affect this equilibrium (Table 1.1).  
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Table 1.1 Subversive CMV genes that control NK cell activation 

HUMAN CYTOMEGALOVIRUS GENE PRODUCTS THAT SUBVERT NK ACTIVATION 

ORF Function References 
UL83 (pp65) Inhibition through NKp30 (Arnon et al., 2005) 

UL16 Sequesters MICB, ULBP1, ULBP2 (NKG2D 
ligands) (Dunn et al., 2003) 

UL18 MHC-I homologue (decoy for inhibitory NK 
Receptors) 

(Cosman et al., 2001) 
(Prod'homme et al., 
2007) 

UL40 Enhances surface expression of HLA-E (Ligand 
for CD94/NKG2A Inhibitory NK receptors) 

(Tomasec et al., 2000) 
(Ulbrecht et al., 2000) 
(Wang et al., 2002) 

UL112 Virally encoded microRNA that downregulates 
MICB expression 

(Stern-Ginossar et al., 
2007) 

UL141 Blocks surface expression of CD155, a ligand for 
activatory NK receptors (Tomasec et al., 2005) 

UL142 Inhibition of NK cell-mediated lysis (Wills et al., 2005) 
MURINE CYTOMEGALOVIRUS GENE PRODUCTS THAT SUBVERT NK ACTIVATION 
 
ORF 

 
Function 

 
References 

m157 Inhibition by Ly49I (Arase et al., 2002) 

m152 Downregulation of RAE1 and H60 (Ligands to 
NKG2D) (Lodoen et al., 2003) 

m155 Downregulation of H60 (Hasan et al., 2005; 
Krmpotic et al., 2002) 

m145 Downregulation of MULT-1 (Ligand to NKG2D) (Krmpotic et al., 2005) 
m138 Downregulation of H60 and MULT-1 (Lenac et al., 2006a) 
m04 Counteracting MHC-I retention in ER (Kleijnen et al., 1997) 
 

The majority of these subversive mechanisms are directed against direct activation of NK 

cells by downregulating or sequestering inhibitory ligands, like MICB or H60. Human NK cells 

are potent mediators of ADCC due to the expression of the FcγRIII CD16. In the presence of 

immune IgG and an appropriate target, NK cells become engaged and activated, secreting 

cytokines or releasing perforin and granzymes finalizing in killing of the opsonized cell. This 

mechanism can also be a potential target for immunosubversive genes coded by 

herpesviruses. Also, further gene products or other not already described mechanisms may 

be responsible of other yet unknown inhibition of NK cell activation. 
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1.5 Viral FcγRs 

While antibodies can be effective and protective against some viral infections as it is in the 

case for polio virus (Hovi, 2001) or measles virus (Cutts et al., 1991), in the case of 

herpesviruses, their potency seems to be restricted (Budt et al., 2004). Herpesviruses are 

able to re-infect a host or reactivate even in the presence of antibodies. The uneffectiveness 

of the antiviral antibodies against herpesviruses can be caused by the viral encoded FcγRs. 

Two human Cytomegalovirus (HCMV) glycoproteins, gp68 and gp34, encoded by UL119-118 

and IRL11/TRL11, respectively, were identified to exhibit Fc binding properties on the 

surface of HCMV-infected cells, thus constituting viral FcγR (vFcγRs) (Atalay et al., 2002b) 

(Lilley et al., 2001b) Likewise, Herpes simplex virus (HSV) forms a heterodimeric vFcγR, the 

gE/gI complex (Frank and Friedman, 1989e). Various pathogens also code for proteins that 

bind IgG in order to evade the host immune response. Bacteria as Staphylococcus aureus 

(Langone, 1982) and Streptococcus (Christensen et al., 1976), protozoa as schistosomes 

(Torpier et al., 1979) and viruses like coronaviruses (Oleszak and Leibowitz, 1990) and 

hepatitis C virus (Maillard et al., 2004) also express in their surface proteins capable of 

binding the Fc part of IgG.  

1.5.1 HSV vFcγRs 

The ability of HSV infected cells to bind to IgG was first demonstrated in 1979 (Baucke and 

Spear, 1979). A heterogenic complex of the two viral glycoproteins gE and gI has been 

identified as the HSV vFcγR (Nagashunmugam et al., 1998a). gE and gI are encoded by the 

genes US7 and US8, respectively. gE alone is able to bind aggregated IgG with low affinity. 

When gE is in complex with gI, the affinity for IgG is augmented and the binding of 

monomeric IgG can be performed. This heterodimer binds IgG with 1:1 stoichiometry 

(Chapman et al., 1999); (Sprague et al., 2004; Sprague et al., 2006a). The IgG subclass 

binding hierarchy of the HSV vFcγR is IgG4 > IgG1 ≥ IgG2 and it does not bind IgG3 (Armour 

et al., 2002). 
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The IgG binding of the gE:gI complex arises many immune evasion possibilities to the virus. 

In antibody- and complement-dependent virus neutralization assays, the gE:gI complex was 

shown to be of biological relevance. The HSV-1 strain resisted neutralization only slightly but 

resisted complement-mediated virolysis to a higher extent as a mutant virus lacking the 

vFcγR (Frank and Friedman, 1989d). Furthermore, this heterodimer protects infected cells 

from antibody dependent cellular cytotoxicity (Dubin et al., 1991e). The observed 

phenomena have been explained by a model called antibody bipolar bridging (Figure 1.8). 

This model states that an IgG molecule recognising an epitope on the surface of an infected 

cell or virion via its Fab part is simultaneously bound to the vFcγR through the Fc part. 

Therefore, the IgG Fc part is not free to recruit the effector mechanisms, i.e, C1q (the initial 

component of the classical complement cascade) (Lubinski et al., 1998a) or host cytotoxic 

FcγR bearing cells. Experiments in vivo further supported the notion that the HSV vFcγR 

enables the virus to evade antibody attack (Nagashunmugam et al., 1998d). Recently, 

Sprague ER et al resolved the crystal structure indicating that the ternary organization of the 

gE-gI/Fc complex is compatible with antibody bipolar bridging (Sprague et al., 2006b). 
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Figure 1.8 Antibody bipolar bridging: binding of a single immunoglobulin G 
(IgG) molecule by its Fab end to its antigenic target and by its Fc end to a 
viral Fcγ receptor (FcγR)  

Experiments with animals indicate that ADCC is a component of the host's immune response 

to HSV infection. In immunocompromised mice, survival after HSV infection was improved 

following adoptive transfer of leukocytes and antiviral IgG (Ragerzisman and Allison, 1976). 

In separate studies, passive immunization with intact antiviral IgG, but not with F(ab')2 

fragments (which do not mediate ADCC), prevented HSV infection (Mckendall, 1985). In 

humans, high levels of ADCC antibody correlate with less severe neonatal HSV infections 

(Kohl, 1992; Kohl, 1991). Despite the success of ADCC in controlling HSV infection, previous 

experiments demonstrate that this response is blunted by vFcγRs (Dubin et al., 1991d), but 

the host FcγR involved in the process was not yet identified. 
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Furthermore, IgG Fc independent functions have been described for gE:gI. This glycoprotein 

is important also for virus cell-to-cell spread in cultured epithelial cells, as well as in epithelial 

and neuronal tissues (Polcicova et al., 2005). gE:gI promotes cell-to-cell spread by the 

direction of the assembly of virions into intracellular compartments, so that the virus progeny 

is ultimately delivered to the cell junctions and not released to the supernatant. 

1.5.2 CMV vFcγRs 

IgG binding activity of HCMV infected cells was detected on their plasma membrane, at 

intracellular sites and also in association with virions (Stannard and Hardie, 1991). Three 

viral genes encoding for two different glycoproteins which bind the Fc part of IgG were 

identified within the HCMV genome. Namely the two glycoproteins, gp68 and gp34, to be 

encoded by UL119-118 and IRL11/TRL11, respectively were characterized as the 

responsible molecules of this function, thus constituting vFcγRs (Atalay et al., 2002c; Lilley et 

al., 2001a). These three genes are dispensable for replication. The structural composition of 

both consists of a single chain type I transmembrane protein with low homology to the host 

FcγR and they are predicted to form IgSF-like domains (Atalay et al., 2002d). Both HCMV 

FcγRs are highly N-glycosylated and the gp68 has been shown to be also highly o-

glycosylated (Manuela Fiedler, unpub data) 

gp68 and gp34 are expressed during the early and late phase of HCMV replication. In 

contrast to the gE:gI complex, the HCMV vFcγRs are able to bind all human IgG subclasses. 

Structural information revealing the binding and contact sites for gp68 were recently revealed 

(Sprague et al., 2008). It binds at a similar position where protein A from S.aureus binds to 

the Fc fragment. Unlike host FcγR CD16 but similar to the HSV-1 heterodimeric Fc receptor 

gE:gI, it binds to the CH2-CH3 hinge region of the IgG-Fc dimer with nanomolar equilibrium 

dissociation constants at a 2:1 stoichiometry. A further difference from the gE-gI/Fc complex 

is that the affinity of the gp68/Fc complex is approximately constant from pH values 5.6 to 8.1 

arguing divergent functions. gE-gI binds immunoglobulin G at the basic pH of the cell surface 
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and releases it at the acidic pH of lysosomes, consistent with a role in facilitating the 

degradation of antiviral antibodies (Sprague et al., 2008). 

Unlike the gE:gI complex of HSV, the HCMV vFcγR do not inhibit the neutralising function of 

IgG. Surprisingly, they seem not to affect the neutralizing potency of human IgG (Henrike 

Reinhard, unpub data). In complement mediated virolysis, the gp68 and gp34 do not show 

significant interference. Furthermore, in complement mediated cell lysis, they may not play a 

significant role, since the host encoded complement regulators: CD46 (MCP) and CD55 

(DAF) were reported to be upregulated in HCMV infected cells (Spiller et al., 1996a), thus 

inhibiting activation of the complement cascade. 

MCMV-infected cells can also bind mouse IgG-Fc fragment both intracellularly and on the 

surface of infected cells (Thale et al., 1994e). A single gene coding for the mouse FcγR was 

identified as m138. It codes for a highly glycosylated type I transmembrane protein of a 

calculated mass of 105 kDa. It is expressed in the early and late phases of MCMV 

replication. Alignment of the m138 sequence with mouse host FcγR shows a significant 

homology and predicts a composition of 3 IgSF-like domains (Matthias Budt, unpub data). 

The subclass specificity of the m138 protein lies exclusively by IgG2a and IgG2b, the two 

most important cytotoxic antibodies in the mouse. 

Surprisingly, in B cell deficient mice, the primary infection of MCMV takes the same course in 

the absence and presence of antibodies (Jonjic et al., 1994b). Recently, antibody 

independent functions for the m138/fcr-1 were identified. Namely, it was shown that it 

promotes a rapid down-regulation of NKG2D ligands murine UL16-binding protein like 

transcript (MULT)-1 and H60 from the cell surface (Lenac et al., 2006b). Deletion of the 

m138/fcr-1 gene from the MCMV genome showed attenuation of viral replication to natural 

killer (NK) cell response in an NKG2D-dependent manner in vivo. 

Murayama T et al reported already in 1987 that the presence of HCMV infected cells inhibits 

the killing of mouse tumour cells by adherent PEC (peritoneal exudate cells) in an ADCC test 

system and that this effect was mediated by the binding of IgG to the Fc receptors of infected 
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cells (Murayama et al., 1987). ADCC seems to play furthermore an important role in control 

of MCMV since passive transfer of antibody of pre-immunized mice is able to control 

infection, but the neutralizing capacity of these antibodies was demonstrated to be very weak 

(Klenovsek et al., 2007c). Therefore, we pursued to test if the vFcγRs can constitute 

important immunosubversive genes inhibiting ADCC with a novel FcγR activation assay. 

Given the fact that all the herpesviral FcγRs are expressed on the surface of infected cells 

and that herpesviruses infect host cells that constitutively express host FcγR, like monocytes, 

macrophages and dendritic cells, vFcγRs could act as antagonists or inhibitors of the host 

FcγR function. Thus, the assessment if herpesviral downregulation of IgG-mediated immune 

control targets the inhibition of host FcγR activation must be investigated. 

1.6 Methods for Measuring Antiviral IgG 

Antiviral antibodies are detected in the laboratory mainly with three prototypic assays 

(Hangartner et al., 2006a). These assays comprise the basic protocol of ELISA (Enzyme-

linked immunosorbent assay), neutralization assays and the so called in vivo protection 

assays using appropriate animals. ELISA is used to detect antibodies that bind to a viral 

antigen, which is immobilized on a plastic surface. Samples to be tested are diluted serially 

and added to this pre-coated plastic surface. Bound antibodies are thereafter detected by a 

colorimetric reaction mediated by an enzyme. The intensity of this colour can be afterwards 

quantified. The conformation of the antigens detected is mostly denatured due to the binding 

procedures to the ELISA plate under highly basic pH conditions. Even though ELISA analysis 

is easy and fast to perform, this kind of assay for detection of antibodies normally does not 

give any direct information of the quality of the antibody and of its biological function.  

In neutralization assays, a constant amount of infectious viral particles are incubated with 

serially diluted antibodies. The neutralizing titre is defined as the serum dilution that reduces 

infectivity in cell cultures by 50% or by 90%, depending on the reference used (Parren and 

Burton, 2001). Native proteins, naturally oriented and oligomerized in the surface of virus 
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particles are recognized. The disadvantages of this method are mainly its unsuitability as a 

high throughput procedure and the inability to measure other antibodies which may have an 

important antiviral biological function besides neutralization. 

In in vivo protection assays, an actively or passively immunized animal is challenged with the 

same pathogen. Virus titres are then determined in blood or organs and are compared with 

control animals which lack antiviral antibodies. The information gained after such an assay is 

a direct assessment of protection against the virus. The disadvantages of type of assay are 

the need of in vivo facilities, the requirement of an animal model for comparison with human 

diseases or the animals must be permissive for the virus infection and mount a comparable 

immune response as the one in humans. 

The true biological function of antibodies can not easily be tested and therefore, until now, 

neutralization assays and in vivo protection assays are the only methods available to define 

these functions. An important biological antiviral function is the one elicited after engagement 

of the host Fcγ receptors by antibodies bound to target antigens. A process referred as 

antibody dependent cellular cytotoxicity or ADCC. This method is classically a radioactive 

approach with 51chromium release assays, difficult to reproduce and variability inherent of the 

effector cells can alter the results obtained. Newly methods to measure ADCC have been 

developed in the past couple of years. Examples of these new approaches are the novel 

EGFP-CEM-NKr flow cytometric method (Kantakamalakul et al., 2006), the usage of 

genetically modified antigen-specific human T lymphocytes as effector cells (Clemenceau et 

al., 2006), the rapid fluorometric method using two different double-staining target cells with a 

membrane dye (PKH-26) and a viability dye (CFSE) prior to the addition of antibody and 

effector cells called RFADCC (Gomez-Roman et al., 2006), and the substitution of 

radioactive Cr51 with a non-radioactive dye as CalceinAM (Lichtenfels et al., 1994). All these 

methods have obvious disadvantages: some require radioactive facilities, FACS 

(Fluorescence-activated cell sorting) facilites, the limiting factor of having an undefined mixed 

population of effector cells when using PBMCs (peripherial blood mononuclear cells), and/or 

the need to established NK isolation and purification procedures in order to have a clonally 
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defined population. Furthermore, viruses can encode for inhibitors of activation of the effector 

cells, like CMV for NK cells (see above). Therefore, the possibility to define clearly the role of 

specific (cytotoxic) antibodies that trigger a single host FcγR is still difficult.  

1.7 Aim of the Thesis 

Herpesviruses express on the surface of infected cells virally encoded FcγRs. To determine if 

viral FcγRs circumvent IgG mediated effector functions, IgG- and complement mediated 

cytotoxicity of herpesviruses infected cells had to be analyzed. A crucial IgG mediated 

immune control mechanism involves the activation of the host FcγRs through antibody-bound 

antigens. The activation of the host FcγRs elicits several effector mechanisms, e.g. 

degranulation and killing of target cells by NK cells, cytokine secretion, phagocytosis and 

modulation of dendritic cell functions. Despite the fact that engagement of FcγRs by IgG is 

decisive for the generation of immune responses and the outcome of many diseases, there 

exists relatively little methodology to measure these immune responses in vitro. This 

limitation has been attributed to the lack of a simple, reliable and standardized assay. 

Therefore, a method for detection of IgG antibodies able to trigger host FcγRs had to be 

established to study the possible interference of the herpesviral FcγRs with the host FcγRs. 
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2 Results 

2.1 Establishment of a novel assay system for detection and 
quantification of virus specific IgG antibodies triggering host 
FcγRs 

2.1.1 Stable expression of FcγR-ζ constructs and activation of BWFcγR-ζ 
transfectants  

To quantify antiviral IgG antibodies able to trigger defined FcγRs individually, a novel set of 

chimeric FcγR/CD3-ζ response genes was constructed and stably transfected into BW5147 T 

cell hybridomas. In order to express the FcγR-ζ constructs, BW5147 thymoma cells lacking 

the TCR α, β and ζ chains were transfected. These constructs encode for chimeric FcγR 

proteins in which the extracellular portion of human CD16 (FcγRIIIa, the high responder 158V 

isoform), human CD32 (FcγRIIa), human CD64 (FcγRIa), mouse CD16 (FcγRIIIa) and mouse 

FcRIV were fused to the transmembrane and tail domains of the CD3-ζ chain (Figure 2.1), 

allowing the combination of IgG binding characteristics of the extracellular FcR domain with a 

well described and easy measurable signalling module as the T cell receptor complex. The 

CD3-ζ chain is sufficient for triggering activation (Irving and Weiss, 1991c) and secretion of 

mIL-2, a surrogate marker easily measured by ELISA. 
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Figure 2.1 (A) Schematic representation of the BWFcγR-ζ effector cells after 
transfection of the chimeric FcγR-ζ constructs. The mouse CD3 ζ chain was 
fused to the extracellular domains of the host FcγRs. (B) Schematic 
representation of the chimeric FcγR-ζ. In white: extracellular domains of 
human or mouse FcγR. In light grey: transmembrane domain of the mouse 
CD3ζ chain. In dark grey: intracytoplasmic tail of the mouse CD3ζ chain. 
Total number of amino acids is found on the right side.  

To confirm correct surface expression of chimeric receptors on Geneticin resistant cells, 

FACS analysis was performed. All chimeric FcγR proteins were detected at high levels on the 
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cell surface of BW cells (Figure 2.2A). The expression of FcRIV-ζ was difficult to assess, 

since there are no commercially available antibodies. Nevertheless, mouse Fc-IgG staining 

on the surface of half of the transfectants was detected, suggesting the presence of a 

considerable subfraction of cells to be positive for the construct (Figure 2.2A). 

To prove intact signal transduction through the hBWCD16-ζ, hBWCD32-ζ, hBWCD64-ζ and 

the mouseBWCD16-ζ receptors, mAbs directed against each of the FcγR ectodomains were 

used in crosslinking experiments. All transfectants triggered mIL-2 production upon 

crosslinking with specific mAbs. An isotype control mAb directed against CD99 did not 

induce mIL-2 in chimeric FcγR transfectants. In some further experiments, hBWCD99-ζ 

transfectants (obtained from O. Mandelboim, Israel) were included as a negative control. 

CD99 is, like the FcγRs, a member of the immunoglobulin superfamily (IgSF), but it is not an 

FcγR, thus, it does not bind IgG antibodies. In conclusion, all established BW transfectants 

responded when crosslinked by specific mAbs directed to the extracellular domain of the 

FcγR chimeras. (Figure 2.2B) 

Thus, human BWCD16-ζ, BWCD32-ζ, BWCD64-ζ, mouse BWCD16-ζ and mouse 

BWFcRIV-ζ can be further tested for IgG mediated activation. 
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Figure 2.2 (A) Stable expression of chimeric receptors on BW5147 
transfectants assessed by FACS. Grey dark continuous line: anti FcγR-FITC 
mAb. In the case of the mCD16-ζ: anti mCD16/CD32 mAb. In the case of the 
mFcRIV-ζ: mFcγ fragment-FITC. Grey dark discontinuous line: transfectant 
without antibody. Grey light discontinuous line: Parental cells with anti 
FcγR-FITC mAb or in the case of mFcRIV-ζ: mFcγ fragment-FITC. Grey light 
continuous line: secondary antibody GAM-FITC. (B) Crosslinking 
experiments with mAb directed against the ectodomain of the FcγRs to 
prove intact signal transduction. GAM or goat anti rat IgG (GAR) were 

A. B.
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coated in 96-well cell culture plates at a concentration of 2 µg/ml in binding 
buffer (0.1 M Na2HPO4 pH 9.0). After blocking and washing, mouse mAb 
specific for human CD16-A/B, human CD32, human CD64 and rat anti-
mouse CD16/CD32 were added. As a negative control, mAb anti-human 
CD99 was used. After removal of unbound antibodies, 200.000 cells per 
well of the BWFcγR-ζ transfectants were added. mIL-2 measurement was 
performed after 16 hours of incubation at 37°C with the ELISA. 

 

Summary 

1. Stable transfection of chimeric receptors bearing the extracellular domain of host FcγRs 

and transmembrane and cytoplasmic tails of mouse CD3-ζ chain into BW5147 mouse cells 

was achieved.  

2. Correct expression on the surface of the BWFcγR-ζ transfectants was observed with 

FACS analysis.  

3. Intact signalling (efficient mIL-2 release) was detected from the BWFcγR-ζ transfectants 

after crosslinking with mAb directed against the ectodomain of the respective FcγR. 

 

2.1.2  IgG dependent activation of the BWFcγR-ζ transfectants 

To assess if the BWFcγR-ζ transfectants cells are activated by IgG, human IgG alone, 

human IgM alone or IgG-depleted human sera were coated to a plate. To assess if the 

BWFcγR-ζ transfectants cells are activated by immune complexes, HCMV- or MCMV-purified 

virion preparations alone were directly coated to ELISA plates. Afterwards, a human 

polyclonal preparation Cytotect® was used to opsonize this plate (which was previously 

coated with HCMV- and MCMV-virions) in order to elicit immune complex formation. The 

antigens recognized in this experimental setting are denatured due to the coating 

procedures. IgG or immune complexes (HCMV virion-IgG) mediate a dose dependent 

activation of the BWCD16-ζ effector cells (Figure 2.3A-B). To test whether the BWFcγR-ζ 

transfectants respond to IgG recognizing a native viral surface antigen, a cocultivation assay 

was performed. To confirm antibody dependent signalling through the chimeric mouse FcγR-

ζ receptor, a mouse mAb of the IgG2a subclass, HD-1 (Menotti et al., 2001), recognizing a 
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single defined surface epitope of HSV-1 gD, was used to opsonize HSV-1 infected MRC-5 

fibroblasts. A dose dependent activation of the mouse BWCD16-ζ effector cell was observed 

(Figure 2.3C). To test if polyclonal antibodies against viral targets also activate the BWFcγR-

ζ effector cells, HSV-1 infected cells were opsonized with Cytotect® (Figure 2.3D).  Dose 

dependent triggering of the BWFcγR-ζ effector cells was observed, confirming IgG 

dependent activation after opsonization of an antigen. Mock cells did not induce any mIL-2 

release by the effector cells. A schematic diagram of the different experimental settings for 

analysing IgG-dependent activation is depicted in Figure 2.3. 

Furthermore, to test if cell bound HD-1 triggers mIL-2 release in a dose dependent manner 

from FcRIV-ζ cells, a co-cultivation assay with HSV-1 infected fibroblasts was performed. 

Comparison between the amount of activation within mCD16-ζ and FcRIV-ζ transfectants 

showed that the IgG dependent response of the FcRIV-ζ cells was less efficient (Figure 

2.3E), which can be explained by lower expression of the chimeric receptor on the surface of 

the BW transfectants. 
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Figure 2.3 (A) The BWFcγR-ζ transfectants become activated in a dose 
dependent manner after co-cultivation with IgG alone or (B) in contact with 
denatured antigens or (C and D) native surface antigens. Cytotect® or 
virion preparations were coated in binding buffer (0.1 M Na2HPO4 pH 9.0). 
After blocking and washing, grading dilutions of Cytotect® (10 mg/ml-0.01 
mg/ml) were added to the wells were virion was coated and incubated 
during 30 minutes at 37°C. After removal of unbound antibodies, 100.000 
cells per well of the BWFcγR-ζ transfectants were added. For the activation 
mediated by monoclonal or polyclonal antibodies, MRC-5 cells were 
infected with 2 pfu per cell of HSV-1. 24 hpi, grading dilutions of (C) anti-gD 
HD1 antibody or of (D) Cytotect® were added and incubated during 30 
minutes at 37°C. After removal of unbound antibodies, 100.000 cells per 
well of the BWFcγR-ζ transfectants were added. mIL-2 measurement was 
performed after 16 hours of incubation at 37°C with the ELISA. A schematic 
diagram for IgG-dependent activation from the BWFcγR-ζ transfectants is 
seen below the graphics. (E) The mFcRIV-ζ becomes half efficiently 
activated as the mCD16-ζ with a mAb against HSV-1 gD. MRC-5 cells were 
infected with 2 pfu per cell of HSV-1. 24 hpi, grading dilutions of anti-gD 
HD1 antibody were added and incubated during 30 minutes at 37°C. After 
removal of unbound antibodies, 100.000 cells per well of the mouse 
BWFcγR-ζ transfectants were added. mIL-2 measurement was performed 
after 16 hours of incubation at 37°C with the ELISA. 

Taken together, the new established BWFcγR-ζ transfectants can be applied in cocultivation 

assays to measure IgG dependent activation after opsonization of an antigen or virus 

infected cells. 
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Summary 

1. Monoclonal and polyclonal IgG-dependent activation is reported by the BWCD16-ζ 

cocultivation with a denatured antigen on a plate or native surface antigens on virus 

infected cells. 

2. The BWFcγR-ζ effector cells are activated by IgG in a dose dependent manner.  

3. Monoclonal antibodies can be applied for measuring activation of the mCD16-ζ and 

FcRIV-ζ after detection of a defined antigen. 

4. Mab-mediated activation of the FcRIV-ζ is less efficient than activation of mCD16-ζ. 

 

2.1.3 Fc of IgG is required for activation for the BWFcγR-ζ Assay 

To investigate the activation requirements for the novel assay and to prove the necessity of 

an intact IgG for the activation of the BW transfectants, cocultivation of the BW effector cells 

with HSV-1 strain F infected fibroblasts was performed following opsonization with the 

different IgG fractions after cleavage with papain using the PIERCE ImmunoPure® Fab 

Preparation Kit. The BW transfectants are exclusively activated in the presence of intact IgG 

(Cytotect® input or undigested IgG in eluate). Fab obtained from Cytotect® and commercially 

available Fc fragments alone are unable to elicit activation of the BWCD16-ζ. (Figure 2.4) 

Fab fragment does not activate the BW effector cells since it lacks the Fc-part. Fc fragment 

alone does not bind to the antigen since it is not retained in the washing procedure before 

cocultivation with the effector cells. Thus, no mIL-2 release is produced.  
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Figure 2.3 Intact IgG is needed for BWFcγR-ζ transfectants responsiveness. 
IgG fractions after cleavage with papain were analyzed for activation of the 
chimeric receptors after cocultivation of the hBWCD16-ζ effector cells with 
HSV-1F infected fibroblasts. Cytotect® (Original source of IgG) and the IgG 
undigested output were able to activate the chimeric receptors. Fab 
fragment or Fc fragment of IgG alone were not able to elicit a response. 
Cleavage with papain was done using the PIERCE ImmunoPure® Fab 
Preparation Kit. 

 

Summary 

1. Intact complete immune IgG molecule is required for the activation of the BWFcγR-ζ 

transfectants. 

2. Fab or Fc Fragments alone of IgG are not able to activate the BWFcγR-ζ transfectants. 

I 
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2.1.4 mmune IgG activation of chimeric hCD32-ζ and hCD64-ζ receptors 

To establish immune IgG-mediated activation of chimeric hCD32-ζ and hCD64-ζ receptors 

and to compare the responsiveness of the respective BW transfectants with hBWCD16-ζ, a 

humanized therapeutic IgG1 mAb (Null et al., 1998), Palivizumab (Synagis®) which is 

specific for the glycoprotein F of RSV was used. HEp-2 cells were infected with two RSV A 

clinical isolates before incubated with increasing concentrations of Palivizumab. All FcγR 

chimera transfectants responded to a minimal concentration of 0.4 μg/mL Palivizumab. 

However, the responsiveness of hBWCD16-ζ at low mAb concentrations was superior to that 

of CD32-ζ and particularly CD64-ζ transfectants reaching higher levels of mIL-2 at saturating 

Palivizumab concentrations (Figure 2.5). Interestingly, the observed detection limit of 

approximately 0.4 μg/mL Palivizumab is almost 100 times lower as the concentration of the 

mAb needed in patient’s serum to achieve therapeutic effects which is 37 - 72 μg/mL. The 

data indicated that the RSV-F glycoprotein forms immune complexes on the surface of 

infected cells when recognized by a humanized mAb, Palivizumab, which are potent inducers 

of different types of FcγRs. Thus, the assay can be applied for supporting the tailoring of 

antibodies for specific therapeutic applications, since a therapeutic antibody efficiently 

elicited signalling through the FcγR-ζ transfectants. Using a monoclonal antibody directed 

against the F glycoprotein (Serotec, Düsseldorf, Germany) and the mBWCD16-ζ 

transfectants, almost equal levels of infection of the two clinical isolates were confirmed 

(Figure 2.5). 
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Figure 2.5: The humanized antibody Palivizumab directed against the RSV-
F protein activates the BWFcγR-ζ transfectants very efficiently. Hep-2 cells 
were infected with 2 pfu per cell of two different RSV clinical isolates, 5720 
or 4732. Opsonization with Palivizumab 72 hpi was performed. mIL-2 
concentration in the supernatants was measured after overnight incubation 
of the effector cells with the target cells. A mAb directed against RSV-F 
protein shows almost equal levels of infection after activating the mCD16-ζ 

 

Summary 

1. The humanized antibody Palivizumab directed against the RSV-F protein activates 

efficiently the BWFcγR-ζ effector cells (CD16 ≥ CD32 >>> CD64). 

2. The BWFcγR-ζ effector cells are activated by Palivizumab in a dose dependent manner. 

3. The minimal concentration needed for positive activation (0,39 μg/ml) of the host FcγR 

transfectants is almost 100 times less than the effective concentration (between 37 and 72 

μg/ml) needed in serum to see a positive impact in disease. 
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2.1.5 Opsonization of MCMV infected target cells by polyclonal virus-
specific IgG activates FcγR-ζ transfectants  

 

The finding that mouse BWCD16-ζ transfectants become efficiently activated by an anti 

HSV-1 specific mouse mAb after binding to the surface of HSV-1 infected cells (Figure 2.3), 

indicated that IgG-Fc was efficiently recognized by host FcγRs. Next, the mouse BWCD16-ζ 

and BWFcRIV-ζ transfectants were tested whether immune IgG of polyclonal sera from 

naturally infected mice is also able to trigger responses to virus-infected cells. A serum pool 

obtained from MCMV-infected BALB/c mice yielding a 50% plaque reduction neutralization 

titer of 1:106 was used as a source of immune IgG and a serum pooled from non-infected 

mice was used as source of non-immune IgG. Mouse embryonic fibroblasts (MEFs) were 

infected with MCMV for 48h and opsonized with different dilutions of immune and non-

immune serum pools. After removal of unbound IgG, mBWCD16-ζ or mBWFcRIV-ζ were 

added at a E:T (Effector to Target) ratio of 20:1 and mIL-2 production was assayed after 16 

hours with a mIL-2 ELISA. The activation of both mBWCD16-ζ and mBWFcRIV-ζ was 

dependent on MCMV infection of MEF and the presence of MCMV-immune IgG, while the 

mIL-2 response of mBWCD16-ζ cells elicited after incubation with non-immune IgG was 

below the detection limit. The level of mIL-2 production after triggering of the mFcRIV-ζ 

chimeric receptor was lower in comparison to the activation obtained for the mCD16-ζ 

receptor but the serum dilution (1:128) required for receptor activation is similar (Figure 2.6). 
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Figure 2.6 Polyclonal immune sera activates in a dose dependent manner 
the chimeric receptors mCD16-ζ and FcRIV-ζ after binding to the viral 
antigenic targets. Mouse embryonic fibroblasts (MEF) were infected with 
MCMV for 48h and opsonized with different dilutions of immune and non-
immune serum pools. After removal of unbound IgG, mBWCD16-ζ or 
mBWFcRIV-ζ were added at a E:T (Effector to Target) ratio of 20:1 and mIL-
2 production was assayed after 16 hours with an mIL-2 ELISA. n.d: not 
detectable 

Summary 

1. Opsonization by polyclonal immune IgG of MEF infected with MCMV activates dose- 

dependently the mBWCD16-ζ and BWFcRIV-ζ. 

2. The BWFcγR-ζ effector cells are activated specifically by immune IgG and not by non-

immune IgG 

3. No activation is observed when the antigen is absent (no mIL-2 induction by mock 

infected cells) or in the absence of antibody 

4. The level of mIL-2 production after triggering of the mFcRIV-ζ chimeric receptor was 

lower in comparison to the activation obtained for the mCD16-ζ receptor. This could be due 

to different expression intensity of the chimeric receptors on the surface of the BW5147 

transfectants. 
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2.1.6 Opsonization of HCMV infected target cells by polyclonal virus-
specific IgG activates FcγR-ζ transfectants  

The above results (Figure 2.6) prompted us to extent the approach and systematically 

screen the human FcγR-ζ chimeras for their induction by polyclonal human IgG. Human 

MRC-5 fibroblasts were infected with HCMV strains AD169 or HB5, respectively. After 72 

hours of infection, cells were incubated with log2 dilutions of a therapeutic HCMV 

hyperimmunoglobulin preparation pooled from healthy blood donors, Cytotect®, or a pool of 

HCMV-IgG negative human sera, respectively, for 30 minutes at 37°C. After removal of 

unbound IgG, BWFcγR-ζ effector cells were added at a E:T ratio of 20:1 and cultures were 

incubated for 16 hours. Concentrations of secreted mIL-2 were determined by ELISA. As 

depicted in Figure 2.7, only HCMV specific human IgG activated the BWFcγR-ζ effector cells 

upon opsonization of HCMV-infected target cells. Activation was not seen for mock-infected 

target cells. The response was dependent on the concentration of Cytotect® used. An HCMV-

IgG negative serum pool did not activate the BWFcγR-ζ transfectants. A control transfectant 

expressing hCD99-ζ was also not triggered by Cytotect® opsonized HCMV-infected target 

cells. Compared with hCD16-ζ receptor transfectants, for hCD32-ζ and hCD64-ζ 

transfectants lower levels of activation were observed, and the concentrations of Cytotect® 

required for minimal activation of hCD32-ζ and hCD64-ζ were 4-8 fold higher. 
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Figure 2.7 Opsonization of HCMV infected target cells with polyclonal 
immune IgG activates efficiently the BWFcγR-ζ transfectants. After 72 
hours of infection, cells were incubated with log2 dilutions of Cytotect® or a 
pool of HCMV-IgG negative human sera for 30 minutes at 37°C. After 
removal of unbound IgG, BWFcγR-ζ effector cells were added at a E:T ratio 
of 20:1 and cultures were incubated for 16 hours. Concentrations of 
secreted mIL-2 were determined by ELISA. As controls, non-immune sera 
(1:16 neg) and BWCD99-ζ effector cells were not able to elicit any secretion 
of mIL-2. n.d: not detectable 

Summary 

1. In the presence of HCMV specific human IgG, HCMV-infected target cells but not mock-

infected cells trigger the BWFcγR-ζ effector cells.  

2. The response of each BWFcγR-ζ effector cell was dependent on the concentration of 

Cytotect® used. 

3. An HCMV-IgG negative serum pool did not activate the BWFcγR-ζ effector cells. 

4. Compared with hCD16-ζ receptor transfectants, lower levels of hCD32-ζ and hCD64-ζ 

activation were observed, and the concentrations of Cytotect® required for minimal activation 

were 4-8 fold higher. 



  

 58

Collectively, the data confirm efficient surface disposition of human and mouse FcγR-

ζ chimeras in BW5147 cells and their dose-dependent triggering by opsonizing antigen 

specific IgG.  

Universal applicability of the assays to detect virus-specific IgG 

 

To assess whether the FcγR-ζ activating assays were also able to detect IgGs specific for 

other human pathogenic viruses, target cells infected with various viruses after opsonization 

with different concentrations of IgG from Cytotect® were tested. Specifically, the α- 

herpesvirus HSV (strain HSV-1 strain F), the β-herpesvirus HCMV, the γ-herpesvirus EBV 

and the paramyxoviridae family members Measles virus (MV) and Respiratory Syncytial virus 

(RSV) were compared. Specificity of virus detection was ensured by a pool of serum 

samples not reactive in commercial ELISAs detecting virus-specific IgG (see experimental 

procedures and data not shown). As depicted in Figure 2.8, IgG present in Cytotect® was 

able to activate BWCD16-ζ, BWCD32-ζ and BWCD64-ζ, but not BWCD99-ζ cells when 

cocultivated with virus-infected targets, confirming the presence of IgG specific for HSV, 

HCMV, EBV, MV and RSV in the Cytotect® preparation as measured before with virus 

specific ELISA tests. With all viruses tested in the panel, activation of BWCD16-ζ cells by 

Cytotect® was more efficient than triggering of BWCD32- ζ cells, while BWCD64-ζ 

transfectants were stimulated the weakest. However, differences between viruses were also 

observed since FcγR CD32 was clearly less activated in CMV and EBV settings as compared 

with HSV or paramyxoviruses. The HSV-specific IgG titers in the Cytotect® preparation as 

determined by all FcγRs were clearly the highest compared with all other viruses. In 

conclusion, the assays were demonstrated to be broadly applicable to various viruses. 

However, the size of the virus-specific IgG subfraction activating a distinct FcγRs depends on 

each particular virus. 
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Figure 2.8 The novel established assay for measuring antiviral IgG 
triggering host FcγRs can be applied universally.  Target cells (MRC-5, Hep-
2, Vero and B95-8 [EBV infected cell line]) were infected with different 
viruses (HCMV, HSV-1, RSV, MV) at 2 pfu per cell and 24 h for HSV-1 and 72 
hpi for the other viruses, respectively, before opsonized with Cytotect®. 
After removal of unbound IgG, BWFcγR-ζ effector cells were added at a E:T 
ratio of 20:1 and cultures were incubated for 16 hours. Concentrations of 
secreted mIL-2 were determined in the supernatnats by ELISA. Similar 
dilutions of Cytotect® were used for all viruses except HSV-1. The 
concentration of anti HSV-1 IgG is too high and the assay reaches 
saturation for succesful detection. n.t: not tested. 
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Summary 

1. The FcγR-ζ activation assays were able to detect IgGs specific for a variety of human 

pathogenic viruses, confirming its broad applicability. 

2. With all virus-infected targets, activation of BWCD16-ζ cells by Cytotect® was more 

efficient than triggering of BWCD32-ζ cells, while BWCD64-ζ transfectants were stimulated 

the weakest. This difference can be due to an intrinsic effect of the BWFcγR-ζ transfectants, 

to characteristics of the individual anti viral IgG found in Cytotect®, IgG subclass composition 

found in Cytotect® or the viral antigens formed by each virus.  

3. Qualitative differences between viruses were observed, for example, FcγR CD32 was 

clearly less activated in CMV and EBV settings as compared with HSV or paramyxoviruses. 

4. The HSV- specific IgG titers in the Cytotect® preparation as determined by all FcγRs were 

clearly the highest compared with all other viruses. 

2.1.7 IgG binding to virus-infected target cells is required before 
activation of FcγR-ζ effector cells  

To test if immune IgG bound to the FcγR-ζ is sufficient for activation after encountering the 

cognate antigen, the normal “forward assay” was done by infecting Hep-2 cells with RSV 

virus (Figure 2.5). After 72 hpi, cells were incubated with the RSV-specific humanized mAb 

Palivizumab for 30 minutes at 37°C. After removal of unbound IgG, BW FcγR-ζ effector cells 

were added at a E:T ratio of 20:1 and cultures were incubated for 16 hours. In parallel, to 

compare if initial opsonization of the target cell is required for activation, a reverse approach 

was also performed. In this case, the BWFcγR-ζ cells (effector cells) were first incubated with 

different dilutions of Palivizumab, then 3 times washed, and then cocultivated with RSV 

infected cells or mock infected cells. Secreted mIL-2 was determined by ELISA.  Activation of 

the BWFcγR-ζ transfectants required the recognition of previously bound IgG to the target 

antigen, since the “reverse assay” resulted in no secretion of mIL-2 (Figure 2.9A). A FACS 

assay was performed to test the ability of the chimeric FcγR to bind Palivizumab (Figure 

2.9B). Taken together, previously bound IgG to the target antigen is strictly required for 

activation and mIL-2 secretion by the BWFcγRs transfectants. 
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Figure 2.9 IgG binding to virus-infected target cells is required before 
activation of FcγR-ζ effector cells. Hep-2 cells were infected with 2 pfu per 
cell of two clinical isolates of RSV A. After 72 hpi, cells were incubated with 
log2 dilutions of Palivizumab for 30 minutes at 37°C. After removal of 
unbound IgG, BW FcγR-ζ effector cells were added at a E:T ratio of 20:1 and 
cultures were incubated for 16 hours. In parallel, a reverse approach was 
also performed. In this case, the BWFcγR-ζ cells (effector cells) were first 
incubated with serial log2 dilutions of Palivizumab, then 3 times washed, 
and then cocultivated with RSV infected cells or mock infected cells. 
Concentrations of secreted mIL-2 were determined in supernatants by 
ELISA. (B) Binding of Palivizumab to the effector cells was assessed by 
FACS. The effector cells were incubated with 2 μg/ml of humanized IgG 
Palivizumab during 30 minutes at 37°C. After washing, anti-human IgG-FITC 
staining was performed. 

The corroborate this finding, polyclonal immune IgG or Cytotect® was tested in a “forward” 

and in a “reverse” assay. The normal “forward assay” was done by infecting human MRC-5 

fibroblasts with HSV-1 virus. After 24 hours of infection, cells were incubated with log2 

dilutions of Cytotect® for 30 minutes at 37°C. After removal of unbound IgG, BW FcγR-ζ 

B. 
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effector cells were added at a E:T ratio of 20:1 and cultures were incubated for 16 hours. In 

parallel, to asses if opsonization of target cell is completely required for activation, a reverse 

approach was also performed. In this case, the BWFcγR-ζ cells (effector cells) were first 

incubated with serial log2 dilutions of Cytotect®, then 3 times washed, and then cocultivated 

with HSV-1 infected cells or mock infected cells. Concentrations of secreted mIL-2 were 

determined by ELISA.  Activation of the BW FcγR-ζ transfectants required the recognition of 

previously bound IgG to the target antigen, since the “reverse assay” resulted in no secretion 

of mIL-2 (Figure 2.10). Surprisingly, the result obtained in the setting for polyclonal 

antibodies and HSV-1 was not identical to the one found for RSV and Palivizumab. mIL-2 

secretion was observed in the setting in which IgG-decorated BWCD16-ζ effector cells were 

cocultivated with HSV-1 infected target cells (In Figure 2.10 see *). This can be due to a high 

concentration of antibodies present in the polyclonal preparation Cytotect®. Another reason 

could be conformational changes that take place with the antibodies upon binding to the 

antigen target or different disposition of the antigenic targets encountered by the already 

bound antibody to the BWFcγR-ζ effector cell. Further experiments with other viruses and the 

polyclonal preparation Cytotect® or even with normal immune human sera have to be 

performed in order to clarify this question. 
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Figure 2.10 Polyclonal IgG binding to HSV-1 infected target cells is required 
before activation of FcγR-ζ cells. The normal “forward assay” was done by 
infecting human MRC-5 fibroblasts with HSV-1 virus. After 24 hours of 
infection, cells were incubated with log2 dilutions of Cytotect® for 30 
minutes at 37°C. After removal of unbound IgG, BW FcγR-ζ effector cells 
were added at a E:T ratio of 20:1 and cultures were incubated for 16 hours. 
In parallel, to asses if opsonization of target cell is completely required for 
activation, a reverse approach was also performed. In this case, the 
BWFcγR-ζ cells (effector cells) were first incubated with serial log2 dilutions 
of Cytotect®, then 3 times washed, and then cocultivated with HSV-1 
infected cells or mock infected cells. Concentrations of secreted mIL-2 
were determined by ELISA. 

 

Summary 

1. The ability of the chimeric FcγR-ζ to bind the humanized mAb Palivizumab was confirmed 

in FACS analysis.  

2. IgG previously bound to the FcγR receptor is not sufficient for activation of the BWFcγR-ζ 

cells after encountering the target antigen.   

3. Prior opsonization of target cell is required for activation of the BWFcγR-ζ cells, 

suggesting that an order of events exists for triggering the FcγRs. 
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2.1.8 Comparing CD16 activation in the BWCD16-ζ assay vrs CD107a 
degranulation assay with primary human NK cells 

ADCC (Antibody Dependent Cell Cytolysis) assays are normally performed in the laboratory 

with polyclonal or monoclonal IL-2 pre-activated NK cells. NK cells bear on their surface the 

activating FcγR CD16. After binding of an immune complex Ag-Ab to the CD16, a series of 

signalling cascades cooperate finalizing in liberation of perforin and granzymes which 

execute target cell lysis. Therefore, in order to compare the novel assay to a well established 

NK killing assay (Alter et al., 2004b), α-CD16 crosslinking was done by first coating goat anti-

mouse F(ab)2 fragment on an ELISA plate. Afterwards, mouse anti human CD16 was added 

in different concentrations and incubated for 30 minutes at 37°C. After washing, 100.000/well 

polyclonal NK cells or BWCD16-ζ cells were added. CD107a degranulation and mIL-2 

secretion respectively were measured at 4 hours and at 24 hours post cocultivation. A strong 

correlation was observed between BWCD16-ζ activation and NK cells activation in a dose 

dependent manner (Figure 2.11). Both assays show a comparable dose dependent 

response after CD16 crosslinking at 4 hours incubation. The hBWCD16-ζ assay shows even 

a higher activation at 24 hours post incubation than the polyclonal NK cells. Furthermore, 

similar detection limits were found with the two assays. These data confirms that hBWCD16- 

ζ transfectants represent a sensitive reporter system that predicts the activation of biological 

CD16-mediated responses. 
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Figure 2.11 Crosslinking experiments for CD16 were done for determining 
the correlation between the activation of NK cells and the mIL-2 secreted 
by BWCD16-ζ transfectants. GAM F(ab)2 fragment was coated on a plate. 
Afterwards, mouse anti human CD16 was added in different concentrations 
and incubated for 30 minutes at 37°C. After washing, 100.000/well 
polyclonal NK cells or BWCD16-ζ cells were added. CD107a degranulation 
and mIL-2 secretion respectively were measured at 4 hours and at 24 hours 
post cocultivation. 

 

Summary 

1. CD16 activation in the BWCD16-ζ assay and NK cells degranulation assay is 

comparable, since both become alike activated in a dose dependent manner after 

crosslinking. 

2. The novel assay can be used as a surrogate test for measuring activation of the host 

FcγRs and ADCC. 
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2.2 Diagnostic Application of the BWFcγR-ζ assay 

2.2.1 BWFcγR-ζ assay efficiencies for MV-specifc IgG 

To evaluate the BWFcγR-ζ assay efficiency, comparison of its performance as a diagnostic 

tool to determine the presence of MV-specific IgG able to trigger host FcγRs in individual 

serum samples was performed. For this purpose, 38 sera from healthy adult donors of 

unknown MV-vaccination status of the serum collection of the Institute of Virology (University 

of Düsseldorf, Germany) previously tested and known to be MV-IgG reactive or not, were 

randomly selected and analysed by conventional detection methods, i.e. ELISA assays for 

MV-specific IgG and IgM (Enzygnost, Dade Behring) and a plaque reduction neutralization 

assay, and compared to the BWFcγR-ζ activation assays with the human chimeric receptors 

hCD16-ζ, hCD32-ζ and hCD64-ζ. IgG and IgM ELISA titers were determined according to 

the manufacturer’s (Enzygnost, Dade Behring) instructions. All sera tested were negative for 

MV-IgM. A positive result in the BWFcγR-ζ assay was defined as the serum dilution needed 

to reach at least the cutoff value. The cutoff value was based on mIL-2 produced by BW 

transfectants cocultivated with MV-infected targets and sera (diluted 1:4) of 10 ELISA-

seronegative donors. The cutoff value was determined by the mean mIL-2 concentration of 

the negative donors plus three standard deviations. The test sensitivity of the hCD16-ζ and 

of the hCD32-ζ based assays reached 100% when compared with the commercially 

available ELISA for MV-IgG, while the hCD64-ζ assay yielded 96.6%. Likewise, the 

specificity, positive and negative predictive values of the former assays was 100%, resulting 

in an efficiency reaching 100%. The specificity and the positive predictive value of the 

hCD64-ζ, assay were 90.9%. Due to one false negative result, the negative predictive value 

was 96.6%. (Table 2.1) 
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Table 2.1 Comparison of Test Efficiency for different methods for measuring  
anti-MV IgG (in %) 

 Neutralization hCD16-ζ hCD32-ζ hCD64-ζ 

Sensitivity 100,0 100,0 100,0 96,6 

Specificity 90,0 100,0 100,0 90,9 

Negative Predictive Value 100,0 100,0 100,0 90,9 

Positive Predictive Value 96,7 100,0 100,0 96,6 

Test Efficiency 97,4 100,0 100,0 95,0 

 

Next, the data of the serum panel including Cytotect® obtained by the FcγR-ζ assays were 

correlated with the results from the conventional assays and ordered as percentage of 

maximal activation. For this purpose, comparable dilutions of Cytotect® (original 

concentration ~ 50 mg/ml IgG) and the different individual sera (IgG concentration ~13,5 

mg/ml) included in the panel were applied. In this order, the sample exhibiting the strongest 

reactivity in FcγRs-ζ assays, the highest titer of neutralizing antibodies or the highest values 

measured with the MV-IgG ELISA was assigned as 100%. Samples with lower 

measurements were assigned with decreasing percentage of maximal activation until 

reaching 0%, i.e. the negative samples. The correlation coefficients between the ELISA data 

and the neutralization assay, hCD16-ζ, hCD32-ζ and hCD64-ζ activation assays were of 

0.76, 0.94, 0.96 and 0.86, respectively. When the neutralization assay was compared with 

the FcγR-ζ activation assays, the values were 0.68, 0.67 and 0.56, respectively. Among the 

three different FcγR-ζ activation assays, the correlation was above 0.91.  

To illustrate MV-IgG reaction pattern of individual sera, the values of the sera were depicted 

in bar graphics and the order of the samples was set according to the relative response 

achieved in the ELISA assay, resulting in a high linear correlation of R2 = 0.983. As 

demonstrated in Figure 2.12, in a number of sera the titer of MV-neutralizing IgG did not 

show a similar linear correlation as the linear correlation of the MV ELISA reactive IgG, 
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indicated by a low value of R2 = 0.461. Comparing hCD16-ζ and the hCD32-ζ assays 

showed a high correlation between each other and exceeded that observed for hCD64-ζ 

(Figure 2.12). CD16 activating MV-immune IgG showed a better linear correlation (R2 = 

0.626), whereas CD32 activating IgG reached only R2 = 0.386. Likewise, the linear 

correlation for hCD64-ζ inducing IgG was also low (R2 = 0.385). On the level of individual 

donors, the MV-specific IgG profile was quite diverse. For example, donor no. 33 (indicated 

by grey arrows) who had moderate amounts of ELISA-reactive and low concentrations of 

neutralizing IgG exhibited strong hCD16-ζ and hCD64-ζ  responses but only very low 

hCD32-ζ titers. Donor no. 19 (black arrow) exhibiting a higher ELISA-reactive IgG value but 

only medium neutralizing IgG, reached moderate hCD16-ζ and hCD64-ζ  -reactive IgG 

responses but only low hCD32-ζ titers. Taken together, the data indicate that the 

subcomposition of MV-specific IgG between donors differs with regard to the relative 

concentration of IgG with neutralizing and FcγR activating activities, resolving individual 

antibody reaction patterns against MV.  
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Figure 2.12 MV IgG reaction patterns of individual sera compared in the 5 
different assays for measuring IgG. The order of the samples was set 
according to the percentage of maximal activation achieved with the ELISA 
measurements. 

To test further the performance of the BWFcγR-ζ assays, a panel of 18 sera of a defined 

teenager vaccinated population (Tischer et al., 2007) with a very weak reactivity in the MV-

IgG ELISA was analysed in the MV-IgG assays described before. In this situation the data 

were not compared with the MV-IgG ELISA test but with the more sensitive PRNT (plaque 

reduction neutralization titer) assay, which is the gold standard diagnostic procedure in the 

case of borderline ELISA reactivities (Albrecht et al., 1981; Ratnam et al., 1995). Only the 

efficiency of the PRNT assay, the hCD16-ζ and the hCD64-ζ assay reached 100%, while the 

efficiency of the hCD32-ζ activation assay and the MV-IgG ELISA were 96.2% and 76.90%, 

respectively (Table 2.2). This finding confirmed the high sensitivity of the BW FcγR-ζ assays 

to detect MV-IgG, which was even superior to conventional ELISA detection. 
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Table 2.2 Comparison of test efficiency for different methods for measuring anti-
MV IgG with borderline reactivities in the MV-IgG ELISA (in %) 

 ELISA hCD16-ζ hCD32-ζ hCD64-ζ 

Sensitivity 68,4 100,0 94,7 100,0 

Specificity 100,0 100,0 100,0 100,0 

Negative Predictive Value 53,8 100,0 87,5 100,0 

Positive Predictive Value 100,0 100,0 100,0 100,0 

Test Efficiency 97,4 100,0 96,2 100,0 

 

 

Summary 

1. The test sensitivity of the hCD16-ζ and of the hCD32-ζ based assays reached 100% 

when compared with the commercially available ELISA for MV-IgG, while the hCD64-ζ 

assay yielded 96.6%. High test efficiency was reached when compared with standard 

serodiagnostic assays. 

2. In some sera, the titer of MV-neutralizing IgG did not correlate with ELISA measurements, 

while CD16 and CD32 activating MV-IgG showed a better correlation with each other. The 

correlation seen between the hCD16-ζ and the hCD32-ζ assays was high and exceeded 

that observed for hCD64-ζ.  

3. The subcomposition of MV-specific IgG between donors differs with regard to the relative 

concentration of IgG with neutralizing and FcγR activating activities, indicating individual 

antibody reaction patterns against MV.  

 

2.2.2 BWFcγR-ζ assay efficiencies and reaction patterns assessed for 
CMV-IgG in human sera 

As documented in Figure 2.8, the amplitude of CMV-IgG responses in the Cytotect® 

preparation was poor and the titers were also relatively low compared with HSV-, RSV- or 

MV-IgG able to activate FcγRs, particularly CD64 and CD32. To assess the performance of 

the assays when applied to individual sera with unknown HCMV serostatus and to identfy 

individual CMV-IgG reaction patterns, sera from 46 healthy adult donors were analyzed by a 
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plaque reduction neutralization assay (PRNT), a commercially available ELISA for detecting 

specific anti HCMV IgG (Enzygnost, Dade Behring) and the novel assays for measuring 

activation of the FcγR CD16, CD32 and CD64. All sera of the panel were determined to be 

CMV-IgM negative. The values regarding sensitivity, specificity, negative predictive value, 

positive predictive value as well as test efficiency were determined for each of the CMV-IgG 

assays. Although the values were generally lower compared with BWFcγR assays detecting 

MV-IgG, in a large majority of sera CMV-specific IgG activating CD16, CD32 and CD64 could 

be demonstrated. The sensitivity of the BWFcγR assays varied between 81% in the case of 

the hCD32-ζ and 95.2% for hCD16-ζ and hCD64-ζ. The specificity of the hCD32-ζ and 

hCD16-ζ assays reached 92.3% and 76.9% when applying the hCD64-ζ test. The efficiency 

of the novel assay for measuring activation of hCD16-ζ, hCD32-ζ and hCD64-ζ when 

compared with the ELISA was of 93.6%, 87.2% and 85.1%, respectively. (Table 2.3) 

Table 2.3 Comparison of Test Efficiency for different methods for detecting anti-
HCMV IgG (in %) 

 Neutralization hCD16-ζ hCD32-ζ hCD64-ζ 

Sensitivity 90,48 95,2 81,0  95,2 

Specificity 100,0 92,3 92,3 76,9 

Negative Predictive Value 92,9 96,0 85,7 95,2 

Positive Predictive Value 100,0 90,9 89,5 76,9 

Test Efficiency 95,7 93,6 87,2 85,1 

 

Next we determined the correlation between the different assays for CMV-IgG. The 

correlation of the FcγR-ζ activating assays with the ELISA varies between 0.79, 0.85 and 

0.85 for hCD64-ζ, hCD32-ζ and for hCD16-ζ, respectively. In comparison with each other, 

the novel assays varied between 0.68 and 0.84. When compared to PRNT, the correlation 

was of 0.87, 0.88 and 0.79 for hCD16-ζ, hCD32-ζ and hCD64-ζ respectively.  
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To compare reactivity pattern of individual HCMV IgG immune sera, the CMV-IgG ELISA 

values were selected to order the serum donors (Figure 2.13). The HCMV-IgG 

hyperimmunoglobulin preparation Cytotect® obtained the maximal response on the basis of 

the ELISA and the PRNT assay, but not in the BWFcγR-ζ assays. Interestingly, the overall 

diversity of individual HCMV-IgG reaction patterns (Figure 2.13) was more pronounced 

compared to MV-immune IgG. For example, donor no. 3 (black arrows) had highly ELISA-

reactive IgGs contrasting with very low neutralizing IgG and IgG triggering hCD16-ζ, hCD32-

ζ and hCD64-ζ   responses. Donor no. 16 (grey arrows) had weakly ELISA-reactive IgG, low 

neutralizing- and hCD64-ζ activating IgG, but nevertheless exhibited very high CD16 and 

CD32 FcγR-ζ activating IgG titers. Despite the observed individual heterogeneity of the 

HCMV-IgG responses, the overall profiles seen in the hCD16-ζ and hCD32-ζ assays were 

astonishingly congruent (Figure 2.13). Nevertheless, the linear correlation of the FcγR-ζ- and 

the neutralizing-IgG fraction was poor within the total ELISA-reactive IgG, reaching only low 

values of R2 = 0.201 in case of CD16 activating IgG, 0.069 regarding CD32 inducing IgG and 

0.233 for CD64 activating HCMV-IgG. In conclusion, the resolution of HCMV-specific IgG 

responses among normal donors revealed an even broader heterogeneity of reaction 

patterns as compared with MV. 
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Figure 2.13 HCMV IgG reaction patterns of individual sera compared in the 
5 different assays for measuring IgG. The order of the samples was set 
according to percentage of maximal activation achieved with the ELISA 
measurements. 

Resolution of the virus-specific IgG response by means of the new FcγR activation assay 

revealed complex, individual patterns of immune IgG (“immunograms”) (See discussion).  

 

Summary 

1. The values regarding sensitivity, specificity, negative predictive value, positive predictive 

value as well as test efficiency were generally lower compared with BWFcγR assays 

detecting MV-IgG, but in a large fraction of sera CMV-specific IgG activating CD16, CD32 

and CD64 could be demonstrated. 

2. The overall diversity of individual CMV-IgG reaction patterns was larger compared to MV-

IgG antibodies. 

3. Despite this heterogeneity of the CMV-IgG responses, the profiles seen in the hCD16-ζ 

and hCD32-ζ assays were astonishingly congruent. 
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2.3 Selective inhibition of herpesviral FcγR of IgG mediated effector 
functions 

 

The assay described above allowed the evaluation of the interference of the FcγRs 

expressed by viruses of the herpesvirus family with the host IgG-mediated effector functions, 

e.g. FcγR activation. 

2.3.1 Herpesviruses encode vFcγR binding Fcγ on the surface of infected 
cells 

 

To determine if the vFcγRs circumvent IgG mediated effector functions that affect the virus 

infected cell like complement mediated lysis or ADCC, an open question was the ability of 

surface IgG binding. Previous work from our group identified gp68 and gp34 of HCMV as the 

viral glycoproteins responsible for Fcγ binding (Atalay et al., 2002e) Frank and Friedmann 

identified the heterocomplex of gE/gI as the vFcγR of HSV (Frank and Friedman, 1989c). In 

MCMV, Thale, et al reported m138/fcr-1 to be responsible for murine IgG binding (Thale et 

al., 1994d). 

Surface Fcγ binding mediated through the vFcγR was tested in FACS. Infected human 

fibroblasts with HCMV wild type and HSV-F wild type viruses were incubated with human Fc-

FITC. Surface staining was strongly observed in both cases (Figure 2.14).  The surface 

expression of the MCMV viral FcγR m138/fcr-1 was already demonstrated (Thale et al., 

1994c).  Furthermore, for all the already constructed recombinant Vaccinia viruses (rVACV) 

expressing the vFcγRs, Fc binding on the surface of infected cells was also previously shown 

(Atalay et al., 2002f; Lenac et al., 2006c). Previous work has also shown that the HCMV and 

HSV FcγR bind exclusively IgG but not IgA or IgM (Antonsson and Johansson, 2001; Atalay 

et al., 2002a; Wiger and Michaelsen, 1985). In conclusion, the vFcγRs are able to bind 
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strongly IgG on the surface of infected cells thus constituting possible immunosubversive 

proteins against IgG-mediated effector functions. 

Mock

Mock + hFc-Fitc

Wt HCMV

WT HCMV + hFc-Fitc

Mock

Mock + hFc-Fitc

Wt HSV

WT HSV + hFc-Fitc

HCMV wt HSV wt

 

Figure 2.14 Fc Binding on the surface of HCMV and HSV wt infected cells 
was tested using hFcγ-FITC. MRC-5 cells were infected with 2 pfu per cell of 
HCMV and HSV wt. 72 hpi or 24 hpi, respectively, the cells were 
resuspended with 2mM EDTA and stained with hFcγ-FITC (1:200). Dead 
cells were excluded by PI-Staining.  

 

Summary 

1. vFcγRs are able to bind strongly IgG on the surface of infected cells. 
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2.3.2 Virion neutralization and complement mediated virolysis is slightly 
affected by HSV gE but unaffected by HCMV gp68 and gp34 

 

Given the fact that gp68 and gp34 specifically and strongly bind IgG and that at least gp68 is 

part of the virion (Henrike Reinhard, unpub data), the potential interference of vFcγRs with 

neutralizing IgG and complement-mediated virolysis had to be elucidated. For this purpose, 

HCMV mutants were tested in neutralization assays along with HSV wt, ΔgE/gI-HSV and 

revertant viruses. HSV-1 possesses the ability to escape the antibody-mediated immune 

response of the host by expressing the vFcγR gE/gI by a mechanism called ‘antibody bipolar 

bridging’ (Nagashunmugam et al., 1998b). As a result, HSV-1 is protected from neutralization 

and IgG mediated effector functions like complement-mediated virolysis and antibody-

dependent cytotoxicity (ADCC) (Dubin et al., 1991a; Frank and Friedman, 1989a; Johnson 

and Hill, 1998). We were able to show that removal of gE from the HSV virion had no effect 

on the neutralizing capacity of HSV-specific IgG but improved complement dependent 

virolysis, thus confirming the already published data. Interestingly, HCMV vFcγR-deletion 

mutants were equally sensitive to human neutralizing as wt HCMV, independent of 

complement addition. These findings indicate that HCMV-encoded vFcγRs in comparison 

with HSV-1-encoded vFcγRs do not attenuate the effect of neutralizing IgG nor virolysis. 

(Henrike Reinhard, unpub data). 

2.3.3 gp68 and gp34 do not influence complement mediated cell lysis 

 

To assess if the vFcγRs interfere with complement mediated cell lysis through the IgG-C1q 

mediated classical pathway, fibroblasts infected with the vFcγR gene deletion mutants of 

HSV and HCMV were opsonized with immune IgG or non-immune IgG and used in a 

complement mediated cell lysis assay. Briefly, infected and mock infected cells were labelled 
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with Calcein AM. Calcein is an organic, polyanionic fluorochrome derived from fluorescein. 

Calcein AM (the acetoxymethyl ester form from Calcein) diffuses freely across membranes, 

but once inside a living cell, cleavage takes place and the product, which is fluorescent, can 

not freely diffuse. Therefore, after complement mediated lysis of cells, dead cells are 

quantified by measuring fluorescence in the supernatants. Opsonization with serial log2 

dilutions of Cytotect® was performed.  After washing away the unbound antibodies, human 

non-immune serum, used as a source of complement, was added for a 4-hours incubation at 

37°C 5% CO2.  Fluorescence in the supernatant was measured. Complement and antibody 

mediated lysis was observed just in the case of HSV infected cells. These results confirmed 

the already published observations that HCMV infected cells are totally resistant to 

complement mediated lysis (Favoreel et al., 2003; Spiller and Morgan, 1998a) (Figure 

2.15A).  These results correlate with the fact that human cytomegalovirus upregulates two of 

the host complement control proteins: CD46 (MCP) and CD55 (DAF), thus preventing lysis 

(Spiller et al., 1996b). These data were confirmed by measuring the specific mRNA of these 

proteins upon HCMV infection using a semiquantitative RT-PCR (data not shown).  
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Figure 2.15 Absence of complement mediated cell lysis in HCMV infected 
fibroblasts after opsonization with immune IgG. The gE FcγR from HSV 
inhibits complement mediated cell lysis. MRC-5 cells were infected with 2 
pfu per cell of HCMV and HSV wt. 72 hpi or 24 hpi respectively, they were 
incubated with Calcein AM during 1h at 37°C. After washing, opsonization 
with with positive and negative sera was performed. After 30 minutes of 
incubation, unbound antibodies were washed away and human non-
immune sera, used as a source of complement, was added. After 4 h of 
incubation at 37°C, fluorescence was measured in the supernatant. % 
specific antibody-mediated lysis = (% lysis with the immune antibody 
opsonization - % of lysis with the non-immune antibody opsonization). 

 

Summary 

1. HSV-1 gE inhibits antibody dependent complement mediated cell lysis. 

2. HCMV infecetd cells are resistant to complement mediated lysis.  

3. gp68 and gp34 do not influence complement mediated cell lysis. 
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2.3.4 Inhibition of the host FcγRs through herpesviral FcγRs 

 

The data obtained until now showed that the HCMV FcγRs do not play an important role in 

inhibiting neutralizing antibodies, antibodies that activate the complement cascade on the 

surface of the virion or in complement mediated cell lysis. Taking into account the strong and 

specific IgG binding on the surface of infected cells, we next tested if the herpesviral FcγR 

were antagonists of the host FcγRs CD16, CD32 and/or CD64. 

To assess if the viral FcγRs expressed on the surface of infected cells interfere with the host 

FcγR, our new surrogate assay for measuring antiviral IgG able to trigger FcγRs was used. 

mIL-2 mediated secretion by the chimeric receptors upon cocultivation with cells infected with 

viral mutants lacking the viral FcγRs as a loss of function approach and with recombinant 

vaccinia viruses (rVACV) which express the viral FcγRs as a gain of function approach was 

measured. 

In the loss of function approach, infected fibroblasts were opsonized with log2 dilutions of the 

hyperimmunoglobulin preparation Cytotect®. After removal of unbound antibodies, the 

BWFcγR-ζ transfectants were added for 16 hours. The supernatants were measured for mIL-

2 secretion, corresponding to the level of activation of the chimeric receptor. 

In the gain of function approach, rVACV infected CV-1 monkey kidney cells were opsonized 

with a pool of 5 Poxvirus positive sera (kindly provided by J. Hausmann, Bavarian Nordic, 

Martinsried, Germany). All sera were shown to have neutralization capacity against VACV 

and were tested as HCMV and HSV negative, to rule out an immune reaction with the 

ectopically expressed vFcγRs, since we were able to show that IgG directed against gp68, 

but not against gp34, and gE, respectively, are found in HCMV and HSV immune sera (data 

not shown).  

The levels of mIL-2 secreted by the BWFcγRs correspond to the amount of IgG-dependent 

activation. It is hypothesized that if the viral FcγRs are present on the surface of the HCMV 

infected cells, the IgG antibodies will be blocked, e.g. by the process of antibody bipolar 
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bridging. The Fc part will not be free in order to activate the chimeric receptors.  The same 

outcome is expected if the vFcγRs are expressed by the recombinant vaccinia virus. The Fc 

part of the antiviral IgG is bound through the vFcγR impeding the secretion of mIL-2 through 

the BW transfectants (Figure 2.16). 

Effector cell

↑ IL-2 = no viral FcγR present = more IgG Fc free
↓ IL-2 = viral FcγR present = less IgG Fc free

Virus infected cell

Ag Ag

IgG

cFcγR

IL-2

Virus infected cell

Ag Ag

IgG

vFcγR

cFcγR-ζ

IL-2

 

Figure 2.16 Graphic representation of the bipolar bringing effect on the 
activation of the FcγRs. If the viral FcγRs are present on the surface of the 
HCMV infected cells, the antibodies will go through the process of antibody 
bipolar bridging. The Fc part will not be free in order to activate the 
chimeric receptors.  The same is found if the vFcγRs are expressed by the 
rVACV. The Fc part of the antiviral IgG is bound through the vFcγR thus 
impeding secretion of mIL-2 through the BW transfectants. 
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2.3.5 The HSV vFcγR gE inhibits CD16 and CD32 activation but fails to 
inhibit CD64 

Inhibition of ADCC by PBMCs was reported to be a function of the HSV-1 vFcγR gE (Dubin 

et al., 1991c). The question whether gE blocks all or only individual host FcγRs is still elusive. 

Therefore, in order to evaluate the role of the Herpes simplex FcγR gE in the interference 

with the host receptors, which could participate in ADCC, the novel BWFcγR-ζ assay was 

used. Fibroblasts infected with the HSV wild type virus or with the gE deletion mutant were 

opsonized with grading concentrations of the human hyperimmunoglobulin Cytotect®. 

Afterwards, activation of the host FcγR-ζ and secretion of mIL-2 was determined by the mIL-

2 ELISA.  

Using the HSV knock-out mutant (“loss of function approach”), it is observed that the viral 

FcγR gE does inhibit the IgG mediated triggering of the host viral FcγR CD16 and, to a lesser 

extent, CD32. The difference of mIL-2 secreted by the BWFcγR-ζ transfectants observed 

between co-cultivation with wild type virus infected fibroblasts, which expresses gE on the 

surface, and with the knock out mutant which lacks the expression of gE, is clearly observed. 

When the BW transfectants were cocultivated with mock infected fibroblasts in the presence 

of immune IgG no activation of the host FcγRs was observed due to the absence of cognate 

epitopes. Surprisingly, gE was unable to inhibit the activation of the chimeric CD64-ζ. There 

was no difference observed between the herpes wild type virus and the mutant virus 

concerning the activation of the chimeric CD64-ζ (Figure 2.17A). 

It is worth noting, that the dilutions used from Cytotect® differ between viruses used and also 

between which of the chimeric FcγR-ζ is tested. Normally, activation mediated through 

polyclonal IgG was higher with the chimeric CD16-ζ transfectants. Probably, the IgG 

subclass dominating the polyclonal response against a specific virus determines the 

magnitude of activation of the chimeric Fcγ Receptors (See Discussion). 

Furthermore, a rVACV which expresses gE was analyzed (“gain of function approach”). In 

this case, the cells were opsonized with the pool of VACV immune sera. The antigens 
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recognized are presumably vaccinia expressed proteins which function as immunodominant 

antigens, like H3L (Davies et al., 2005). This approach shows and confirms the observation 

that the viral FcγR gE does inhibit the IgG mediated triggering of the host viral FcγR CD16 

and CD32, but fails to inhibit CD64 activation (Figure 2.17B). 
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Figure 2.17 The HSV vFcγR gE inhibits CD16 and CD32 activation but fails 
to inhibit CD64. (A) A loss of function approach using human fibroblasts 
infected with 2 pfu per cell of HSV-1 wt and ΔgE was done after Cytotect® 
opsonization 24 hpi. (B) A gain of function approach using CV-1 cells 
infected with 2 pfu per cell of VACV wt or rVACV expressing gE was done 
after opsonization with a vaccinia immune serum pool 24 hpi. Measurement 
of mIL-2 in supernatants was done with an ELISA after 16 hours of 
cocultivation of effectors with targets.   

Discrepancies between the results obtained in the “loss of function approach” (A) and the 

results obtained in the “gain of function approach” (B) are observed and disscused below 

(See Discussion).  

 

A. 

B. 
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Taken together, the HSV-1 gE vFcγR inhibits the activation of CD16-ζ and CD32-ζ but fails 

completely to inhibit CD64-ζ. Our new assay measuring individual host FcγR responses 

allows for the first time to differentiate between these three Fcγ receptors and indicates that 

gE is involved in evading CD16 and CD32 responses. 

Summary 

1. HSV-1 gE inhibits IgG-mediated activation of CD16-ζ and CD32-ζ. 

2. The observation that gE inhibits the IgG-mediated triggering of CD16 and CD32 but does 

not inhibit CD64 activation was confirmed by ectopic expression with rVACV. 

3. The novel assay for measuring IgG able to trigger host FcγRs is suitable for the detection 

of vFcγR-mediated immune evasion. 

 

2.3.6 HCMV vFcγRs interfere with CD16 activation 

 

To evaluate the role of the Human Cytomegalovirus FcγRs in the interference with host Fcγ 

receptors, which could participate in ADCC, the novel BWFcγR-ζ assay was used. The 

assessment of HCMV viral FcγRs interference with the host FcγRs was possible because 

gene deletion mutants lacking the HCMV viral genes that encode for the two known FcγRs 

were previously constructed and functionally tested (Atalay et al., 2002g). The two HCMV 

vFcγRs gp68 and gp38 are expressed on the surface of infected cells as previously shown in 

the FACS analysis with Fcγ -FITC. Fibroblasts were mock infected or infected with the HCMV 

BACmid derived-wild type virus HB5 which expresses gp68 and gp34, with a mutant that 

lacks the gp68, with a mutant that lacks the gp34, and a complete vFcγR-deficient HCMV 

mutant lacking both gp68 and gp34. After 72 hours of infection, the BWFcγR-ζ assay with the 

hBWCD16-ζ transfectants was performed. The fibroblasts were opsonized with Cytotect® at 

different concentrations for 30 minutes. After washing unbound antibodies, the BWFcγR-ζ 

transfectants were added and cocultivated overnight. Antibody dependent chimeric receptor 

activation was measured with the mIL-2 ELISA. In the loss of function approach, all the 
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mutants elicited almost 2 times more mIL-2 secretion than the wild type virus which 

expresses both FcγRs (Figure 2.18A). These results prompted us to conclude that both of 

the HCMV viral FcγRs significantly inhibit the activation of the host CD16. The effect of the 

mutant lacking both of the vFcγRs was unexpected. No accumulative effect in the activation 

of CD16-ζ due to absence of both inhibitors is observed, suggesting the predominance of the 

inhibition mediated just by one of the vFcγR, probably gp68. 
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Figure 2.18 HCMV vFcγR interfere with CD16 activation. (A) A loss of 
function approach: after 72 hours of infection wit 2 pfu per cell of virus, the 
novel BWFcγR-ζ assay with the BWCD16-ζ transfectants was performed. 
The fibroblasts were opsonized with Cytotect® at different concentrations 
for 30 minutes. After washing unbound antibodies, the BWFcγR-ζ 
transfectants were added and cocultivated overnight. Antibody dependent 
chimeric receptor activation was measured with the mIL-2 ELISA (B) A gain 
of function approach using CV-1 cells infected with 2 pfu per cell VACV wt 
or rVACV expressing the HCMV vFcγRs was done after 24 hpi and upon 
opsonization with a vaccinia positive immune pool.  Measurement of mIL-2 
in supernatants was done by an ELISA after 16 hours of cocultivation of 
effectors with targets.   

 

A. 

B. 
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To confirm the role of the vFcγRs interference with CD16 was also pursued using rVACV 

expressing gp68 and gp34 and the VACV-immune serum pool. In this “gain of function 

approach”, the activation of the chimeric receptors is supposed to be exclusively dependent 

on the bound but not antibody-bipolar-bridged IgG Fc part of the specific anti-vaccinia 

antibodies. Ectopic expression of gp68 and gp34 elicited almost 2 times less mIL-2 secretion 

than the wild type virus (Figure 2.18B). These results verify that both of the HCMV viral 

FcγRs significantly inhibit the activation of the host CD16.  

 

Summary 

1. HCMV vFcγRs gp68 and gp34 inhibit IgG-mediated activation of CD16-ζ. 

2. No accumulative effect in the activation of CD16-ζ due to absence of both gp68 and gp34 

is observed, suggesting the predominance of the CD16 inhibition mediated just by one of 

the vFcγR, gp68. 

3. The observation that gp68 and gp34 inhibit the IgG-mediated triggering of CD16 was 

verified by ectopic expression with recombinant vaccinia viruses. 

 

2.3.7 HCMV vFcγRs interfere with CD16 downstream signalling 

Tyrosine phosphorylation is one of the major means of measuring cell signaling transduction 

and regulation. To validate the previous results by a different method, a co-

immunoprecipitation measuring p-Tyr activated signalling molecules was performed after the 

opsonization and cocultivation of the BWCD16-ζ with the infected fibroblasts. An IP for CD16 

was performed and detection in the WB was through an anti phosphotyrosine (p-Tyr) specific 

antibody (Upstate Signalling, clone 4G10) for determination of the amount of phosphorylation 

of the CD3-ζ chain in the chimeric receptor (Figure 2.19). After cocultivation of the effector 

cells with fibroblasts infected with the HCMV wild type and opsonized with Cytotect®, a 

specific band from approx 56 kDa appears above the antibody heavy chain band. This 56 

kDa band, which represents CD16-ζ dependent activation, has an increased intensity when 
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the cocultivation was done with Δgp68 infected fibroblasts, showing the gp68 mediated 

inhibition of the phosphorylation of the CD3ζ chain (Figure 2.19). 

IP: anti-human CD16

- +       - +        - +

mock mock wt wt Δgp68 Δgp68

WB: Anti-P-Tyr

HCMV hyper immune 
immunoglobulin 1:50

Effector cells: BWCD16

Target cells: human fibroblasts
E:T 20:1

HC

Anti-pp65 (infection
control)

 

Figure 2.19 Co-immunoprecipitation measuring p-tyr activated signalling 
molecules downstream of CD16 activation after cocultivation with infected 
fibroblasts opsonized with Cytotect®. BWCD16-ζ cells were cocultivated in 
the presence or absence of Cytotect with mock, wt or Δgp68 infected 
fibroblasts. After 16 hours, native lysates were prepared and CD16 
immunoprecipitated. After washing of the Sepharose A pellet, a 10% SDS-
PAGE was done and the blot was analyzed with anti-p-tyr 4G10 clone. An 
infection control blot was also done with an anti-pp65 antibody. HC: Heavy 
Chain 

The data indicates that gp68 inhibits downstream signalling mediated by the CD16 chimeric 

receptor. To determine which protein in the downstream signalling of the BWFcγR-ζ CD16 is 

the one becoming phosphorylated, individual candidate proteins could be tested. The 

approximately 56 kDa band size suggests strongly that this candidate could be p56lck, one of 

the first molecules involved in T and NK cells signalling and activation. 
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Taken together, the HCMV vFcγR interfere with CD16 activation and downstream signalling. 

The two HCMV vFcγRs show a redundant function concerning CD16 inhibition.  

Summary 

1. The observation that gp68 inhibits the IgG-mediated triggering of CD16 was confirmed by 

measuring downstream signalling effects in a co-immunoprecipitation assay measuring p-

Tyr activated signalling events. 

 

2.3.8 The HCMV vFcγRs inhibit antibody dependent NK cell degranulation 

CD16 is the primary receptor in NK cells which mediates ADCC. Therefore, these results 

prompted us to assess the ability of NK cells to kill HCMV infected fibroblasts in the presence 

of immune IgG. The task of measuring this effect is difficult, since for HCMV there exist at 

least 7 already known inhibitors of NK cell activation (See Introduction).  

The activation of NK cells was measured by a CD107a degranulation assay in the presence 

of an opsonizing IgG on the surface of infected fibroblasts (see experimental procedures). 

The source of the opsonizing IgG is a single HCMV immune donor. Polyclonal hIL-2-

preactivated NK cells from 3 donors in 3 independent experiments were used. One 

representative experiment is shown. In this case, the HCMV vFcγRs are inhibitors of the 

antibody dependent NK cell degranulation, observing that for cells infected with the vFcγR 

gene deletion mutants a higher percentage of CD16+CD56+ CD107a+ cells were detected 

when compared with HCMV wt infected cells. The percentage of antibody specific 

degranulation depicted in the graphic corresponds to the percentage of CD107a positive 

cells with the immune antibody opsonization minus the percentage of CD107a positive cells 

with the non-immune antibody opsonization; so that the background obtained for antibody 

independent activation was eliminated. As observed in the hBWCD16-ζ assay, no additive 

effect of gp34 and gp68 was observed for this donor. Antibody dependent degranulation of 

the NK cells was lower when cocultivation was done with the HCMV wild type, which bears 
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gp68 and gp34 on the surface (Figure 2.20). Therefore, the presence of the vFcγR on the 

surface of infected cells mediates inhibition of IgG-dependent NK cell degranulation.  
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Figure 2.20 The presence of the vFcγRs on the surface of infected cells 
inhibits antibody dependent NK cell degranulation. Fibroblasts were 
infected with HCMV wt and mutants and 72 h p.i. were opsonized with 
positive and negative sera. After 30 minutes of incubation, unbound 
antibodies were washed away and NK cells in an E:T ratio of 20:1 were 
added. After 4 h of incubation at 37°C, CD107a surface expression on the 
NK cells was measured in a FACS. % of antibody specific degranulation 
CD107a positive cells = (% of CD107a positive cells with the immune 
antibody opsonization - % of CD107a positive cells with the non-immune 
antibody opsonization). One representative experiment out of 6 (3 different 
NK cell donors) is shown. 

 

Summary 

1. Antibody dependent NK cell degranulation measured by expression of CD107a on the 

surface of NK cells was inhibited by the HCMV vFcγRs.  
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2.3.9 HCMV vFcγRs interfere with CD32 and CD64 activation  

To determine if the HCMV viral FcγRs interfere also with the other host FcγRs, cocultivation 

assays with BWCD32-ζ and BWCD64-ζ were also performed. Fibroblasts were mock 

infected or infected with the HCMV wild type virus HB5 which expresses gp68 and gp34, with 

a mutant that lacks the gp68, with a mutant that lacks the gp34 and a mutant that lacks both 

of the HCMV vFcγRs. After 72 hours of infection, the novel BWFcγR-ζ assay with the 

BWCD32-ζ transfectants and the BWCD64-ζ transfectants was performed. The fibroblasts 

were opsonized with Cytotect® with serial log2 dilutions for 30 minutes. After washing 

unbound antibodies, the BWFcγR-ζ transfectants were added and cocultivated overnight. IgG 

dependent chimeric receptor activation was measured with the mIL-2 ELISA. 

Furthermore, the role of the vFcγRs in interfering with CD32 and CD64 was investigated 

using rVACV which express gp68 and gp34 and the immune poxvirus immune serum pool 

which recognizes proteins of vaccinia virus. In this gain of function approach, the activation of 

the chimeric receptors is exclusively dependent on the IgG Fc part of the specific anti-

vaccinia antibodies which are bound to the surface but do not undergo through the process 

of antibody bipolar bridging. The Fc part of the VACV immune IgG not bound through the 

vFcγRs is free to activate the FcγR-ζ. (Figures 2.21 and 2.22) 
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Figure 2.21 The HCMV viral FcγRs interfere with CD32-ζ activation. (A) A 
loss of function approach using human fibroblasts infected with 2 pfu per 
cell of HCMV wt and ΔvFcγR mutants 72 hpi was done after Cytotect® 
opsonization. Cocultivation with effector cells was done overnight and 
supernatants were analyzed for mIL-2. (B) A gain of function approach 
using CV-1 cells infected with 2 pfu per cell VACV wt or rVACV expressing 
the HCMV vFcγRs was done 24 hpi after opsonization with a vaccinia 
positive serum pool.  Measurement of mIL-2 in supernatants was done in 
an ELISA after 16 hours of cocultivation of effectors with targets.   
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Figure 2.22 The HCMV viral FcγRs interfere with CD64-ζ activation. (A) A 
loss of function approach using human fibroblasts infected with 2 pfu per 
cell of HCMV wt and ΔvFcγR mutants 72 hpi was done after Cytotect® 
opsonization. Cocultivation with effector cells was done overnight and 
supernatants were analyzed for mIL-2. (B) A gain of function approach 
using CV-1 cells infected with 2 pfu per cell VACV wt or rVACV expressing 
the HCMV vFcγRs was done 24 hpi after opsonization with a vaccinia 
positive serum pool.  Measurement of mIL-2 in supernatants was done in 
an ELISA after 16 hours of cocultivation of effectors with targets.   

Both of the HCMV viral FcγRs significantly inhibit the activation of CD32 and CD64. In the 

loss of function approach, all the mutants elicited more mIL-2 secretion than the wild type 

virus which expresses both FcγRs. These results were confirmed in the recombinant vaccinia 

approach, in which the viruses that express the gp68 and gp34 elicited less activation of the 

CD32-ζ and CD64-ζ chimeric receptors. The effect of the mutant lacking both of the vFcγRs 

was accumulative in the case of both CD32 and CD64. In the vaccinia approach and the 

cocultivation with the BWCD32-ζ transfectant, surprisingly no difference between the VACV 

wild type virus and the rVACV expressing gp34 was observed. The final outcome in vivo of 
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the triggering of CD32 depends of which isoform, activating or inhibitory, is engaged. In the 

BWCD32-ζ assay, the activation of the receptor is only determined through the ectodomain 

of CD32. It is also important to note, that the levels of activation of the chimeric receptors 

vary between each other with respect of the antigen encountered but also with respect of 

which subclass of IgG is the predominant in the immune response. Nevertheless, activation 

of the chimeric CD64 is significantly reduced when HCMV-infected targets are encountered 

in comparison with CD32 and more importantly in comparison with the activation of CD16.  

The discrepancies in FcγR activation observed between the HCMV knock-out mutants (“loss 

of function approach”) and the ectopic expression by recombinant VACV (“gain of function 

approach”) can be due to different disposition of antigens on the surface of the target cells or 

the intrinsic nature of the antibodies used. Furthermore, the discrepancies observed can be 

explained by other HCMV encoded factors. For example, in the setting with the HCMV 

Δgp68, which expresses only gp34 on the surface and which does not show the same effect 

when gp34 is ectopically expressed in the context of rVACV, some not yet identified HCMV 

gene products could alter the result. Our group is currently pursuing the elucidation of a third 

Fc-binding protein encoded by HCMV. The mutants used in these experimental settings 

seem to differ in the expression of this third putative vFcγR. Therefore, it is tempting to 

speculate, that the discrepancies observed, could be due to an effect of a third vFcγR 

present in Δgp68 but not in Δgp34.  

 

Summary 

1. Both of the HCMV viral FcγRs significantly inhibit the activation of CD32 and CD64 

2. The observation that gp68 and gp34 inhibit the IgG-mediated triggering of CD32 and 

CD64 was verified by ectopic expression with recombinant vaccinia viruses. 

3. The effect of the HCMV mutant lacking both of the vFcγRs was accumulative in the case 

of both CD32 and CD64. 

4. The activation of the chimeric CD64 when HCMV-infected targets are encountered is low 

in comparison with CD32 and very low in comparison with the activation of CD16.  
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2.3.10 MCMV fcr-1/m138 diminishes IgG-dependent activation of the 
murine CD16 

MCMV fcr-1/m138 was described to bind IgG on the surface of infected cells (Thale et al., 

1994b). To evaluate the potential evasion mechanism of IgG-mediated effector functions by 

MCMV, the BWFcγR-ζ assay was performed. Mouse CD16 receptors are mediators of 

ADCC. Since MCMV possesses also a vFcγR with potential immune evasion functions 

against antiviral IgG, the effect of this molecule on the surface of infected fibroblasts was 

assessed. For this purpose, MEF from BALB/c mice were mock, MCMV wild type or 

m138/fcr-1 frame shift mutant (lacking Fc binding properties) infected. After 48 hours, the 

MEF were opsonized with different dilutions of a MCMV-immune serum pooled from MCMV-

infected mice. This pool was previously tested in neutralization tests and proved to be 

positive against MCMV with a titer of 1:106. Viral antigens were recognized by the MCMV 

immune specific IgG. Less secretion of mIL-2 by the mBWCD16-ζ transfectant is observed 

(Figure 2.23). When m138 is not present in the surface of the infected fibroblast, the level of 

secreted mIL-2 is augmented. In the case of mock infected fibroblasts and with pre-immune 

sera (data not shown), no activation of the mBWCD16-ζ is observed. The IgG presumably 

participates in the process called bipolar bridging, in which the Fab part of the IgG is bound 

by the viral antigen and the Fc part by the m138 expressed by the wild type infected 

fibroblasts.  
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Figure 2.23 MCMV fcr-1/m138 inhibits activation of mouse CD16-ζ. A loss of 
function approach using MEF infected cells with 2 pfu per cell of MCMV wt 
and Δfcr-1/m138 48hpi was done after MCMV-immune IgG opsonization. 
Measurement of mIL-2 in supernatants was done in an ELISA after 16 hours 
of cocultivation of effectors with targets.   

The m138/fcr-1 receptor has been shown to be a multi-functional protein (Lenac et al., 

2006d; Thale et al., 1994a; Mintern et al., 2006b). The composition of the fcr-1 ectodomain of 

3 IgSF-like domains may allow the dissection of distinct molecular functions (Matthias Budt, 

unpub data). m138 is able to down-modulate different molecular targets by defined IgSF-like 

domains. The N- terminal part of the fcr-1 ectodomain, Ig1 (Ig-like domain 1), which is 

responsible and sufficient for downregulating MULT-1, is sufficient to complex with the Fc 

part of IgG (Lenac et al., 2006e). Therefore, rVACV expressing the whole m138 protein, just 

the Ig1 domain (Ig1) or the complete molecule without the Ig1 domain (ΔIg1) were analyzed 

(Figure 2.24).  
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Figure 2.24 MCMV fcr-1/m138 consists of three consecutive Ig-like 
domains, which are flanked by an N-Glycan-rich domain of unknown 
structure at the N-terminus, and a PEST region, a transmembrane helix and 
a short cytoplasmic tail at the C-terminus. The N- terminal part of the fcr-1 
ectodomain, Ig1 (Ig-like domain 1), which is responsible for downregulating 
MULT-1, is also sufficient to complex with the Fc part of IgG.  

 “A gain of function approach” using these rVACV and a VACV immune serum pooled from 

mice immunized with formalin inactivated VACV was performed. This pool was previously 

tested in FACS analysis for detection of surface resident VACV proteins and in western blot 

analysis for detection of whole vaccinia proteins. The pool was proved to be highly reactive 

against vaccinia virus (data not shown). CV-1 infected cells with a VACV wild type virus, an 

rVACV expressing m138/fcr-1, an rVACV expressing the Ig1 domain of m138, and a rVACV 

expressing m138ΔIg1 were opsonized with the vaccinia immune serum. After washing of 

unbound antibodies, the mBWCD16-ζ cells were added. Secretion of mIL-2 was assessed 

after overnight incubation in a specific ELISA. When the cells were infected with rVACV 

lacking the Ig1 domain or with the wt VACV, the levels of mIL-2 secreted were higher as 

when the cells were infected with the rVACV m138 or rVACV Ig1 (Figure 2.25). Therefore, it 

can be concluded that the m138 inhibits the activation of the chimeric receptor mBWCD16-ζ.  
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Figure 2.25 MCMV fcr-1/m138 inhibits activation of murine CD16-ζ. A gain of 
function approach using CV-1 infected cells with VACV wt and different 
rVACV expressing the complete sequence of the fcr-1/m138, just the Ig1 
domain or the complete molecule except the Ig1 domain (ΔIg1) was done 
after VACV- immune IgG opsonization. Measurement of mIL-2 in 
supernatants was done in an ELISA after 16 hours of cocultivation of 
effectors with targets.   
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Summary 

1. MCMV fcr-1/m138 inhibits activation of mouse CD16-ζ using infected MEF opsonized with 

polyclonal anti-MCMV serum pool. 

2. The observation that m138 inhibits the IgG-mediated triggering of mCD16-ζ was verified 

by ectopic expression by recombinant vaccinia viruses and a mouse serum pool directed 

against vaccinia antigenic targets. 

 

2.3.11 m138/fcr-1 mediates IgG bipolar bridging   

To test complex formation between IgG antibody, vFcγR and antigen and confirm the 

hypothesis of bipolar bridging, a system of having a defined antigen and a defined antibody 

was set up. Namely, to test that a physical complex in/on the surface of infected cells 

consisting of a model antigen (in this case human MHC-I molecules), an antibody (the IgG2a 

W6/32), and the vFcγR m138/fcr-1 was pursued. For this purpose, HeLa cells were infected 

with the rVACVm138-Flag and with the rVACV ΔIg1-Flag as a control (Figure 2.26). 
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Figure 2.26 Schematic representation of the experimental setting to test 
complex formation between IgG antibody, vFcγR and antigen. Hela cells 
expressing MHC-I (antigen) molecules on the surface infected with rVACV 
expressing the vFcγRs were opsonized with the W6/32 antibody (bipolar 
bridging antibody). Lysates were done after incubation of the infected cells 
with the antibody during 30 minutes. An anti-Flag agarose IP was 
performed and the antigen was detected in WB. 

HeLa cells infected with VACV m138-FLAG or VACV ΔIg1-FLAG were opsonized with mAb 

W6/32 antibody (H) and with an isotype control antibody directed against mouse MHC-I 

molecules (28-14-8S antibody) (M), as a negative control. A Lysis Buffer containing DTT, 

Glycerol, NP-40 and further components (see Materials) for maintaining native conformation 

of the proteins was used. Proteins were separated in a 10% SDS PAGE. Western Blot 

detection was performed using the HC10 antibody specific for MHC-I. Also, a mouse IgG 

antibody detection was assessed in the IP to detect the antibody participating in the bipolar 

bridging process. Afterwards, an anti Flag WB detection for the lysates and for the IP was 

performed to show the expression of the vFcγR m138 (Figure 2.27). 
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Figure 2.27 The MCMV vFcγR m138/fcr-1 mediates antibody bipolar 
bridging. Hela cells expressing MHC-I (antigen) molecules on the surface 
infected with rVACV expressing the vFcγRs were opsonized with the W6/32 
antibody (bipolar bridging-antibody) (H) or with an isotype control (M) 
antibody directed against murine MHC-I molecules. Lysates were done 
after incubation of the infected cells with the antibody during 30 minutes. 
An anti-Flag agarose IP was performed and the antigen was detected in WB 
with the HC10 antibody which detects human MHC-I, anti- mouse IgG, and 
anti Flag for detecting the vFcγR. 

The Western blots demonstrate: 

1. A co-precipitation of human MHC-I molecules (detected by HC10) in the presence 

of immune IgG (W6/32) and of the m138 protein but not in the truncated ΔIg1 

mutant, thus confirming the principle of antibody bipolar bridging. (Upper Panel; 

Lanes 3,4) 

2. Two bands of mouse antibodies were observed just in the case of m138 and 

W6/32 and the isotype control antibody 28-14-8S, showing binding of the m138 to 

the mouse IgG. Surprisingly, it seems that these two bands (W6/32 and 28-14-8S) 

are slightly different in size. Maybe the size difference is due to different 
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glycosylation patters or maybe structural differences between an antibody bound 

through the Fc part to m138 and an antibody bound like this but further bound by 

the Fab part to the heavy chain of the MHC-I. (Second Panel from the top; Lanes 

3, 4) 

3. Effective m138-Flag precipitation yielding protein bands of the expected size of 

105 kDa with the anti-flag detection antibody (Third Panel from the top; Lanes 3, 

4, 5, 6). A decreased expression of m138-Flag is observed when complexed with 

an antibody and an antigen (Third Panel from the top; Lane 3). This could be due 

to stearic hindrance through the complex which inhibits anti-Flag precipitation or 

removal of m138 from the cell surface due to degradation. 

4. The amount of Heavy chain of the MHC-I (~43kDa) detected with the HC10 

antibody varies between the mock infected cells and the vaccinia infected cells as 

expected, since the mock infected cells do not undergo the VACV-induced host 

shut-off. (Fourth Panel from the top; Lanes 3, 4, 5, 6) 

5. The expression control of the m138-Flag and the ΔIg1-Flag shows comparable 

infection rates. (Last Panel from the top; Lanes 3, 4, 5, 6) 

 

Taken together, a biochemical proof of a complex between an antigen (Heavy chain of MHC-

I), an immune IgG antibody (W6/32) and MCMV vFcγR m138 was done. The model of bipolar 

bridging was confirmed in the case of m138 and this model explains the inhibition mediated 

by bound antibody of the activation of the BWFcγR-ζ chimeras.  

 

Summary 

1. The model of bipolar bridging was confirmed in the case of m138 showing a complex 

between a model antigen (Heavy chain of MHC-I), an IgG antibody (W6/32) and MCMV 

vFcγR m138. 

2. This model explains the inhibition of the activation of the BWFcγR-ζ chimeras mediated 

by bound antibody through the vFcγRs. 
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2.3.12 m138/fcr-1 blockade of CD16 activation by W6/32 IgG2a is 
extremely efficient  

Since the experiments before rely on a broad antiviral polyclonal antibody response, an 

experimental setting in which a defined monoclonal antibody of the IgG2a or IgG2b subclass 

and a defined antigen target was evaluated. Hence, the same approach as for testing the 

bipolar bridging hypothesis now performed as cocultivation assay with mBWCD16-ζ effector 

cells. HeLa cells which express a high level of human MHC-I molecules on the surface were 

used as a defined antigen. The antibody used was the IgG2a W6/32 directed against human 

MHC-I molecules and the rVACVs were used to infect the target cells. Infected HeLa cells 

with the rVACV were opsonized with different dilutions of the W6/32 antibody. They were 

cocultivated with the mBWCD16-ζ overnight and then antibody dependent mIL-2 secretion 

was measured. The mock infected cells show a high amount of MHC-I on the surface. Some 

inhibition of the surface MHC-I molecules probably due to a negative effect of Vaccinia virus 

in MHC-I expression is observed, so that comparison with the wt vaccinia virus infected cells 

seems to be a more appropriate control than mock infected cells (Figure 2.28). The ΔIg1 

virus has an intermediate effect, but the inhibition observed by the rVACV expressing m138 

or just the Ig1 domain is of high significance. Thus, an assessment of a particular defined 

antigen-antibody pair could improve the discrimination power of the assay when analyzing 

inhibitory effects of viral proteins.  
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Figure 2.28 MCMV fcr-1/m138 inhibits activation of murine CD16-ζ. A gain of 
function approach using HeLa infected cells with 2 pfu per cell VACV wt 
and different rVACV expressing the complete sequence of the fcr-1/m138, 
just the Ig1 domain or the complete molecule except the Ig1 domain (ΔIg1) 
24 hpi was done after W6/32 opsonization. Measurement of mIL-2 in 
supernatants was done in an ELISA after 16 hours of cocultivation of 
effectors with targets.   

Summary 

1. An assessment of a particular defined antigen (human MHC-I)–antibody (IgG2a W6/32) 

pair could improve the discrimination power of the BWFcγR-ζ assay when analyzing the 

IgG-mediated inhibitory effects of m138. 
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3 Discussion 

 

Viral encoded surface proteins able to bind Fc part ofIgG are hallmarks of the herpesvirus α- 

and β- subfamilies, thus the putative host IgG-mediated effector function inhibited thereby 

had to be investigated. Previous publications for the Herpes simplex virus vFcγR gE reported 

a general inhibition of neutralization, complement mediated virolysis and antibody dependent 

cell cytolysis (ADCC)(Dubin et al., 1991b; Frank and Friedman, 1989b; Lubinski et al., 

1998b; Nagashunmugam et al., 1998c). Therefore, the gE paradigm prompted us to evaluate 

the potential inhibitory mechanisms of the HCMV and MCMV viral FcγRs gp68, gp34 and fcr-

1/m138, respectively, and re-evaluate, as control, HSV-1 gE. Concerning neutralization and 

complement mediated virolysis it was interestingly observed, that the CMV vFcγRs do not 

seem to play an attenuating role (Henrike Reinhard, unpub data). Nevertheless, a crucial IgG 

mediated immune control mechanism involves the activation of the host FcγRs through 

antibody-bound antigens. The activation of the host FcγRs elicits several effector 

mechanisms, e.g. degranulation and killing of target cells by NK cells, cytokine secretion, 

phagocytosis and modulation of dendritic cell functions. Despite the fact that engagement of 

FcγRs by IgG is decisive for the generation of immune responses and the outcome of many 

diseases, there exists relatively little methodology to measure these immune responses in 

vitro. This limitation has been attributed to the lack of a simple, reliable and standardized 

assay. Therefore, a method for detection of cytotoxic antibodies able to trigger host FcγRs 

was established. With this novel FcγR activation method, it was possible to show that the 

herpesviral FcγRs exert an inhibitory effect on IgG-mediated effector functions. A selective 

inhibition of the IgG mediated activation of the different host FcγRs by the herpesviral FcγRs 

was demonstrated. It was found that HCMV gp68 inhibition affects activation and 

downstream signaling of CD16 > CD32 = CD64, while gp34 attenuates CD16 > CD64 > 

CD32. In clear contrast, HSV gE impairs mainly CD16 activation and weakly CD32, but has 
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no effect on CD64. Furthermore, MCMV m138/fcr-1 diminishes IgG-dependent CD16 

activation. 

Taken together, this work uncovers herpesviral FcγRs as hierarchical and redundant 

antagonists precluding host FcγRs from triggering immune responses. 

3.1 The novel FcγR activation assay opens a window for 
understanding the role of antiviral antibodies 

Taking advantage of the extracellular domains of human CD16, CD32, CD64, mouse CD16 

and FcRIV, the mouse CD3-ζ chain, and BW5147 cells an assay allowing the combination of 

IgG binding characteristics of the extracellular Fc domain with a well described and easy 

measurable signalling module as the T cell receptor complex, was accomplished. The CD3-ζ 

chain is sufficient for triggering activation (Irving and Weiss, 1991b) and secretion of mIL-2, a 

surrogate marker easily measured by an ELISA. The detection and quantitative 

measurement of virus-specific IgG antibodies which are able to trigger host FcγRs upon 

opsonization of virus-infected target cells was thus implemented. The binding of poly- or 

monoclonal IgG when bound to a viral epitope in its native conformation, naturally oriented 

and presented on the surface of an infected cell was translated into IL-2 secretion from stably 

transfected BW5147 hybridoma cells. 

3.1.1 Advantages of the FcγR activation assay 

ADCC tests are probably the closest surrogate test for FcγR-mediated IgG responses. The 

ADCC process requires antigen presenting target cells, cytotoxic antibodies of the 

appropriate IgG isotype and FcγR bearing cytolytic immune effector cells. The use of primary, 

undefined mixed effector cell populations like PBMCs (peripheral blood mononuclear cells) or 

isolated and in vitro propagated NK cell populations often generates problems due to a 

variable FcγR and NK cell marker expression as well as a fluctuating activation status. 

Furthermore, viruses may encode for inhibitors of other alternative activating pathways 
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besides FcγRs in the effector cells, e.g CMV and NK cells (see Introduction) (Rajagopalan 

and Long, 2005b). These disadvantages make the reproducibility and robustness of results 

difficult. The novel FcγR activation assay has several advantages over traditional ADCC 

assays:  

 

1. A strictly defined effector cell population expressing only one FcγR, omitting the 

need of human cell donors;  

2. A high intra- and interassay reproducibility due to a constant and unlimited 

effector cell population;  

3. A large panel of FcγR bearing responder cells which allows to differentiate IgG 

responses on a molecular basis;  

4. Low detection limits;  

5. An excellent sensitivity of the test generating quantifiable data; 

6. Universal application against all viruses so far tested. 

A disadvantage of the newly established method is the processing time needed to obtain the 

result. In its current format, the duration of the test is almost 4-7 days, depending on the 

virus, since at least one cycle of virus replication is waited before cocultivation assays. This 

duration can be shortened by selecting different read-out procedures, e.g. an intracellular 

staining and cytofluorometry-based detection of mIL-2. Faster detection methods using a 

lacZ gene reporter construct regulated by NFAT promoter elements (Daws et al., 2003) and 

alternative reporter genes are currently developed. 

3.1.2 Virus-specific IgG responses as a correlate of immunity 

The assessment of host individual Fcγ receptor activation revealed differences in the global 

antibody response against MV and HCMV (Figures 2.12 and 2.13 in Results). For measles 

virus, lack of a successful antibody response has been associated to poor disease 

prognosis. It is tempting to speculate, that the size of the MV-IgG subfraction responsible for 

triggering the FcγR-ζ plays an important role in antiviral protection, since a good correlation 

between ELISA reactive IgG and CD16-ζ activating IgG is observed (Figure 2.12). For CMV, 
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a passive transfer antibody of pre-immunized mice is able to control infection, but the 

neutralizing capacity of these antibodies was demonstrated to be very weak (Klenovsek et 

al., 2007b). Therefore, the CMV-IgG subfraction that triggers the FcγR-ζ may be a better 

correlate for successful virus control. The broad heterogeneity of reaction patterns for 

HCMV-IgG as compared with MV-IgG can mirror the high complexity of the immune 

response against HCMV. There is good prospect that virus-specific IgG responses as 

recorded by the BWFcγR-ζ assays could prove as a meaningful parameter of humoral 

immunity in patients with certain viral diseases. It is tempting to speculate, that the individual 

profiles of the viral-specific IgG reaction patterns seen here may partly be due to antibody 

isotype specific triggering of individual FcγRs.  Other reasons for these differences observed 

in antibody mediated triggering of FcγRs can be due to inherent genetic constrains between 

individuals, immune individual experience or type of antigen exposure, superinfections with 

other pathogens causing exhaustion or “senescence” of the immune system, or some kind of 

specific antibody selection mechanism resulting in effective cytotoxic antibodies. The need of 

further clinical investigations to determine the biological basis of these antiviral IgG antibody 

patterns against CMV and MV is mandatory. But given the fact, that Hessell AJ et al reported 

that not the neutralizing or the complement activating IgG protect macaques against SHIV 

(simian-human immunodeficiency virus); but the Fc-receptor-bearing effector cells are 

important in reducing virus yield from infected cells (Hessell et al., 2007a), the notoriety of 

this subfraction of antibodies that trigger FcγRs in antiviral control is highlighted. We propose 

that taking advantage of the novel FcγR activation assay, a new kind of “immunogram” can 

be defined for antiviral IgG. Namely, we can differentiate between antibodies that are ELISA-

reactive, neutralization-reactive or FcγR activating (Figure 3.1). To determine which of these 

subpopulations of antibodies do correlate with immunity needs further investigation. 

Probably, the immunogram also will reflect intrinsic differences depending on the virus 

analyzed. It can be speculated, that since the FcγR activating IgGs are a crucial link between 
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the adaptive and the innate immunity against viruses, a better outcome in infection control 

will be observed if this subfraction is of significant size. 

IgG
Whole

Fraction

ELISA-reactive IgG

CD16-
activating 

IgG

Neutralizing IgG

Neutralizing IgA and IgM

CD32-
activating 

IgG

CD64-
activating 

IgG

 

Figure 3.1 A new kind of “immunogram” can be defined for antiviral IgG 
taking advantage of the novel FcγR activation assay. IgG antibodies that 
are ELISA-reactive, neutralization-reactive or FcγR activatory can be 
differentiated from the bulk IgG that it is produced after virus infection. 
Which antibodies correlate with better disease or infection outcome may 
depend on which virus is analyzed.  

 

3.1.3 The BWFcγR-z activating assay’s open questions and future needs 
for optimization 

The novel FcγR activating assay shows high intra- and interassay reproducibility, has an 

excellent test efficiency compared to normal serodiagnostic assays for determination of 

antiviral IgG reveals a significant difference in composition of antiviral IgG subsets in human 

patients. Nevertheless, open questions remain to be answered. For example, further “virus-
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antibody pairs” should be tested in order to broaden the applicability of the assay. Virus 

infections in which antibody responses play an important role in controlling disease 

progression, e.g. cytopathic viruses like Vesicular Stomatitis Virus (VSV) (Bachmann et al., 

1997), or even facilitate infection, e.g HIV (Lund et al., 1995), West nile virus (Pierson et al., 

2007) or Dengue virus (Littaua et al., 1990b), should be tested in cocultivation assays with 

the different BWFcγR transfectants, resulting in a more precise identification of the critical 

correlates of immunity if mediated by the FcγR effector functions. For many of these viral 

infections, reports suggesting that neutralizing antibodies are not sufficient to control disease 

progression but that Fc-dependent functions of the IgG linking adaptive branches with innate 

immune effector cells are critical (Parren and Burton, 2001), highlight the potential of the 

assessment using the novel assay for FcγR activation. For some viruses, there is a 

correlation between levels of serum antibody neutralizing activity in vitro and in vivo 

protection. But for other viruses, like HCMV, an inverse correlation between severity of 

symptoms and levels of neutralizing antibodies has been observed in patients undergoing 

primary infection (Alberola et al., 2000). Furthemore, the neutralizing capacity does not 

correlate with in vivo protection even if antibody passive transfer provided it (Klenovsek et al., 

2007a). Therefore, an assessment if the non-neutralizing antibodies are able to trigger the 

host FcγRs could explain this in vivo observed protection and give more insights into antiviral 

protection. 

We were able to show that the virus infected target cells prior opsonization by a monoclonal 

antibody directed against RSV-F before adding the BWFcγR-ζ effector cells is completely 

required for their activation and mIL-2 secretion (Figure 2.9). On the other hand, when we 

pursued to corroborate our data, using a polyclonal antibody preparation directed againt 

HSV-1, the BWCD16-ζ transfectants became also activated in the “reverse approach”. 

Namely, after decorating the BWCD16-ζ cells with Cytotect®, washing of unbound antibodies 

and cocultivating them with HSV-1 target infected cells, we observed a considerable level of 

mIL-2 secretion (Figure 2.10). These data arises the question if the activation observed in 
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this setting is due to some different disposition of the antigenic targets in the surface of 

infected cells, some other qualities of antibodies found in the polyclonal preparation, or 

particular conformational changes observed upon binding of the immune IgG antibodies to its 

epitope which are absent in the Palivizumab preparation but present in the HSV-1 immune 

sera. If the effect observed in the “reverse assay” with HSV-1 effector cell coating by a 

polyclonal preparation is confirmed with other viruses, then we should reconsider our 

conclusion of the requirement for prior opsonization of the target cell. Besides, since there 

are publications showing that NK cells, which bear CD16 on their surface, are decorated with 

monomeric IgG and thereby their cytotoxic capacity is regulated (Sulica et al., 1993), the 

implications of their uncontrolled activation after the possible encounter of their cognate 

antigenic target, mirroring the results that we observe, could be threatening for a normal 

immune equilibrium. On the other hand, this regulation by blocking ADCC could be also 

beneficial in exarcerbated immune responses. Therefore, it is suggested that the above 

experiments with other viruses and other polyclonal antibodies should be performed in order 

to clarify this feature. 

Another important question to be answered is the differential capacity of activation from each 

individual host FcγRs. The responses obtained varied considerable depending on the virus 

encountered and on the antibody used in the cocultivation assays with the BWFcγR-ζ 

transfectants. For example, activation with polyclonal antibodies was always better for HSV-1 

infected target cells than for HCMV infected target cells. Furthermore, the levels of activation 

observed for CD16-ζ were always higher than the ones observed for CD64-ζ. Eventhough 

that CD64 binds with high affinity monomeric IgG, it has been described that it binds also 

immune complexes with this same degree of affinity (Nimmerjahn and Ravetch, 2007b). 

Therefore, the different results obtained within the activation of the individual host FcγRs 

seem to be not caused by dissimilar affinities of immune complexes. It may be possible, that 

the ectopic expression of the chimeric host FcγRs alter their capacity of changing their 

conformation and becoming activated through receptor clustering. Thus, assays with defined 
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FcγR effector populations of PBMCs, a defined subclass of IgG with comparable affinity to all 

FcγRs and a defined target could elucidate better these differences. Also, the different 

expression intensity on the surface of the BWFcγR-ζ transfectants is a factor to be 

considered. Nevertheless, periodical assessment of the FcγR-ζ expression was done and 

significant differences were not observed.  

Likewise, IgG subclasses are known to differ in their functional properties, including FcγR 

binding and activation. The analysis of the binding of the different IgG subclasses to their 

respective FcγR was performed by surface plasmon resonance using just monomeric 

preparations of antibodies (Nimmerjahn and Ravetch, 2005b). It is tempting to hypothesize, 

that conformational changes in the IgG structure occur after binding to the antigen that 

influence the affinity of the Fc part to the FcγRs. In order to test this hypothesis, the FcγR 

activation assay has to be performed by using the same antigenic target but different IgG 

subclasses. A model using TNP-hapten decorated targets and the different humanized IgG 

subclasses directed against the TNP hapten (or even the mouse IgG subclases in the mouse 

FcγR system), could be deployed for this purpose. Furthermore, the IgG subclass dominating 

the antiviral response could play a significant role in the differences observed. While 

antibodies of all classes are usually generated in response to virus infection, there is growing 

experimental evidence that certain subclasses, like IgG2a and IgG2b in the mouse which are 

the most important mediators of ADCC (Denkers et al., 1985), have an increased efficiency 

in mediating protection to some, but not all viruses in vivo (Markine-Goriaynoff and Coutelier, 

2002; Smucny et al., 1995; Mckendall and Woo, 1988; Ishizaka et al., 1995). In the case of 

herpesviruses like HSV-1 and HCMV, the primordial IgG subclasses elicited after viral 

infection are IgG1 and IgG3 (Hamann and Doerr, 1991; Gupta et al., 1996). Given the fact, 

that their reported affinity for all host FcγRs is generally high, the differences observed 

between the activation after cocultivation with the FcγR-ζ tranfectants can not be explained 

through this point. Therefore, it is probable, that some inherent differences in antigen 

localization between members of even the same virus family, availability of these targets to 
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antibody, or even other inhibitory mechanisms can explain the divergent individual host FcγR 

activation patterns.  

With respect of the concentration of IgG found in Cytotect® triggering the FcγRs, the 

differences observed between viruses like HSV-1 and RSV A in comparison to viruses like 

HCMV or EBV could be due to distinct particular virus features. For viruses like RSV, 

constant natural boosters because of periodical infections could elicit a higher production of 

antibodies as for CMV or EBV.  Regarding the viruses of the herpes family, reactivation and 

reinfection functioning as natural boosters could elicit a high production of antibodies; but we 

observe different quantities activating the FcγRs eventhough all these viruses reactivate in 

similar frequency. Therefore, differences can be explained through a problabe different 

disposition of antigens on the surface of the target cells, different antibodies produced for 

every specific virus or, and most likely, other viral inhibition mechanisms involved in antibody 

responses. For example, two vFcγRs are described for HCMV while just one heterodimer of 

gE/gI for HSV-1. HSV gE/gI is unable to bind IgG3, while gp68 and gp34 bind all IgG 

subclasses with similar affinities. Given the fact that the IgG3 and IgG1 subclasses are the 

most produced after herpesviral infections, the differences observed can be due to the free 

Fc portion of IgG3 unable to be inhibited by gE/gI. HCMV gp68 or gp34 can, on the other 

hand, inhibit IgG3 mediated activation of the FcγRs, therefore causing less activation of the 

chimeric FcγRs. 

For optimization of the FcγR activation assay, the preponderance of an internal control to be 

run every single time by measuring the triggering of the host FcγRs is a key factor in order to 

facilitate interassay comparisons. This is fundamental for testing several different antibody 

preparations or multiple individual sera from patients in parallel. Furthermore, differences in 

the viral infection rate could introduce some flaws in the measurement. Thus, an infection 

control in every assay is mandatory. The availability of defined monoclonal antibodies 

against a viral surface protein and the mouse BWCD16-ζ transfectant will help in coping with 
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this downside of the assay. Furthermore, run-on controls by a defined immune serum can de 

performed. 

3.1.4 Applicability of the FcγR activation assay 

Besides the application as a new immunoassay tool for medical virology, the assay principle 

described here can be used in many areas of immune diagnostics and development, e.g. the 

detection and monitoring of pathogenic IgG in FcγR mediated autoimmune diseases. One of 

the most important factors that determine antibody activity in vivo is the efficient interaction 

with cellular FcγRs on innate immune effector cells. Since the FcγR activating capacity of 

Palivizumab was of a high magnitude, the novel assay could support the tailoring of IgG 

antibodies which are under development for specific therapeutic applications, e.g. as 

immunologic drug against tumor targets in vivo. The therapeutic antibodies can be tested for 

the differential FcγR activating capacities before their application in clinical trials. The 

prediction of IgG-responses for Dengue-infected individuals can be also investigated, since 

Fc-mediated antibody dependent enhancement of infection is an important component of this 

virus pathogenesis (Littaua et al., 1990a). The antigenic targets recognized by cytotoxic 

antibodies that elicit a high activation from the host FcγRs could be further identify, in order to 

facilitate a successful vaccine design. Last but not least, the assay allowed us to investigate 

if the herpesviral FcγRs exert an inhibitory effect on IgG-mediated effector functions. 

3.2  The Novel Method for Measuring IgG-Dependent Triggering of 
Host FcγRs CD16, CD32 and CD64 Reveals a Selective 
Inhibition through Herpesviral FcγRs 

Herpesviruses express on the surface of infected cells virally encoded FcγRs. The new assay 

for measuring IgG-dependent triggering of host FcγRs was exploited in order to determine if 

the vFcγRs play an important role in IgG-dependent immune evasion. The inhibition of single 

host FcγR by each of the herpesviral FcγR was investigated. Using a loss of function 
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approach (vFcγR deleted HCMV mutants) or gain of function approach (rVACV expressing 

herpesviral FcγR), a selective inhibition of the different host FcγR mediated by the herpesviral 

FcγR and antiviral IgG was determined. It was found that HCMV gp68 inhibition affects 

activation and downstream signaling of CD16 > CD32 = CD64, while gp34 attenuates CD16 

> CD64 > CD32. In clear contrast, HSV gE impairs mainly CD16 activation and weakly 

CD32, but has no effect on CD64. In addition, mouse CD16 activation was impaired effciently 

by m138/fcr-1. 

3.2.1 Not all herpesviral FcγRs interfere with neutralization and 
complement activation 

Neutralization of viral particles by antibodies is a protective mechanism against viral 

infections. Publications regarding the ability of HSV-1 vFcγR gE/gI to inhibit neutralization 

and complement mediated virolysis prompted us to elucidate if the HCMV vFcγRs inhibit 

likewise these two mechanisms. Interestingly, the vFcγR-mutants were equally sensitive to 

human neutralizing IgG as the HCMV wt, independent on the presence of complement. 

These findings indicate that HCMV-encoded vFcγRs in comparison with HSV-1 encoded 

vFcγRs do not attenuate the effect of neutralizing IgG nor virolysis (Henrike Reinhard, unpub 

data). The differences observed within HSV-1 gE, gp68 and gp34 could be due to different 

expression of this receptors on the surface of the virion, different mechanisms of IgG binding, 

or even other factors like poor availability of the antigens to be recognized by the neutralizing 

antibodies or reduced expression of glycoproteins on the virion surface (Li et al., 1995). 

Furthermore, gp68 and gp34 did not influence complement mediated cell lysis in the context 

of virions and HCMV-infected cells. The lack of lysis in HCMV infected fibroblasts can be 

explained by findings of Spiller et al, in which transcription of CD46 and CD55, two 

complement control proteins (CCP), are upregulated under HCMV infection. These two CCP 

do not allow the C3 convertase to become activated. Therefore, no complement mediated 

lysis is observed. Also, blocking antibodies against these two CCP showed a 100% lysis of 
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the HCMV infected cells (Spiller et al., 1996c). Thus, experiments blocking the CCPs in the 

presence of HCMV infected fibroblasts and immune IgG were impossible to design.  

Furthermore, other publications showed the deposition of C1q on HCMV infected cells 

independent of the presence of antibody (Spiller and Morgan, 1998b). Therefore, the 

assessment of C1q binding on the surface of HCMV ΔFcγR mutants and wt infected cells in 

the presence of immune IgG was not feasible. An alternative experimental approach could 

be the co-transfection of gp68 and/or gp34 with a construct encoding for a known antigen, 

e.g. RSV-F protein, Measles HA, etc. Afterwards, opsonization by immune IgG and 

incubation with complement can be performed and cell lysis could be measured. However, 

all this data prompted us to test further IgG-mediated effector functions. For this purpose, the 

novel assay for measuring activation of the host FcγRs was deployed. 

3.2.2 Herpes simplex virus vFcγR gE interferes with the host FcγRs CD16 
and CD32 but not with CD64 activation 

The strong binding of IgG on the surface of HSV-1 wt infected fibroblasts, the availability of a 

single gene knock-out mutants lacking gE and of rVACV expressing gE, permited us the 

assessment of the inhibitory capabilities of HSV-1 vFcγR gE. Taking advantage of the novel 

FcγR activation system, the precise elucidation of which host FcγR becomes inhibited 

through gE in the presence of immune IgG was facilitated. In both the “loss of function 

approach” and the “gain of function approach”, gE impairs mainly CD16, weakly CD32, but 

has no effect on CD64 activation. There are some minor differences observed in levels of 

activation between the loss of function approach and the gain of function approach. The 

impairment of IgG-mediated activation of CD16-ζ was clearly better observed when HSV-1 

infected targets, but not when VACV infected targets were used (Figure 2.17). Regarding this 

point, the epitopes recognized on the surface of the cells are different. Another parameter to 

take in account leads into the usage of a polyclonal preparation from more than 10.000 

immune individuals against HSV-1, Cytotect®, and a pool of 4 sera of vaccinia positive 
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individuals. Antibodies found in Cytotect® could be a more representative repertoire than the 

antibodies found in just 4 individuals. Nevertheless, these 4 individuals showed a high VACV 

IgG titer in ELISA and in neutralization tests. Another reason for these discrepancies could 

be due to differences in the IgG subclass composition in HSV and VACV immune sera. The 

ectopic expression of gE through VACV may also influence the outcome of the assay, since 

this expression is of a higher intensity than in HSV-1 wt infected fibroblasts. Surprisingly, 

when we focus on CD32-ζ activation, the setting using the rVACV showed a superior 

impairment of the IgG-mediated activation. Therefore, it is tempting to assume, that the 

antigenic targets recognized by IgG able to trigger CD32 differ from the CD16-reactive IgG. 

More astonishingly, is the complete inability of gE to impair CD64 activation in both settings.  

The inhibition mechanism of IgG-mediated effector functions by gE has been suggested to 

be bipolar bridging. Previous publications from the Bjorkman group stated that the orientation 

of the gE-gI/IgG complex on a membrane, as predicted from their complex crystal structure, 

demonstrates that antibody bipolar bridging can occur on the surface of an infected cell or 

virus (Sprague et al., 2006c).  

 

 

Figure 3.2 Model for gE-gI–Mediated Antibody Bipolar Bridging on the Cell 
Membrane. A ribbon diagram of the CgE/Fc portion of the gE-gI/Fc 
structure is shown with the approximate positions of the gI chain (red open 
oval) and NgE domain (blue open oval) shown schematically. The predicted 
position of the cell membrane is indicated by a gray line. The upright 
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position of the Fc dimer suggests that the hinge region (green dashed line) 
and Fab arms (green ovals) of an intact antibody are located above gE-gI, 
where the Fab combining sites could bind to a viral antigen (purple ovals) 
tethered to the same membrane as gE-gI. Figure taken from Sprague et al. 
2006 

The gE binding site on Fc does not directly overlap with the binding sites for the host FcγRs 

or even with the C1q component of complement, which both bind on the hinge region of IgG 

or near the CH2 domain (Radaev et al., 2001b; Sondermann et al., 2000a). Therefore, the 

structure of the gE-gI/Fc complex does not directly predicts how gE binding to the Fc region 

of IgG leads to evasion of FcγR- and complement-mediated immune responses. 

Nevertheless, an anti-HSV IgG that is bound by both gE and an antigen on the surface of an 

infected cell could be sterically hindered from also binding to host FcγRs or C1q, due to the 

closeness of the proteins in the antibody bipolar bridging complex (Figure 3.2) (Sprague et 

al., 2006d).  

Taken together, our new assay measuring individual host FcγR responses allows for the first 

time to differentiate between the host three Fcγ receptors and indicates that gE is involved in 

the evasion of CD16 and CD32 activation. 

3.2.3 Human Cytomegalovirus FcγRs interfere with the host FcyRs 
activation 

The assessment of the HCMV vFcγRs interference with the host FcγRs showed that HCMV 

gp68 inhibition affects activation and downstream signaling of CD16 > CD32 = CD64, while 

gp34 attenuates CD16 > CD64 > CD32.  

Once again, some minor discrepancies are observed in levels of activation between the “loss 

of function approach” and the “gain of function approach” (Figures 2.18, 2.21 and 2.22). 

Possibly, the localization, frequency and quality of the antigenic targets between the two 

viruses HCMV and VACV may be distinct. Another parameter of importance is the utilization 

of a polyclonal preparation Cytotect® vrs a pool of 4 sera of vaccinia immune individuals. 

Antibodies found in Cytotect® could be more representative than antibodies found in just 4 
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individuals. Nevertheless and as stated above, these 4 individuals showed a high VACV IgG 

titer in ELISA and in neutralization tests. The ectopic expression of gp68 and gp34 through 

VACV may also influence the outcome of the assay, since this expression is of a higher 

intensity as in HCMV wt infected fibroblasts. However, we assume that the true inhibitory 

effect should be better observed in the loss of function approach, where the actual HCMV 

antigens are the ones recognized. 

Concerning CD16-ζ activation, it can be deduced from the data that gp68 is the most 

prominent inhibitor. The effect of the mutant lacking both vFcγRs was unforeseen, since an 

accumulative inhibition mediated by gp68 and gp34 was expected. However, taking into 

account that the highest possible inhibition may be already reached by gp68 alone, the levels 

of mIL-2 IgG-dependent secretion could not be exceeded by the double FcγR mutant. It can 

be speculated that the assessment of CD16 downstream signalling for comparing the Δgp68 

and Δgp68Δgp34 inhibition could clarify better these differences. Nevertheless, in an 

antibody dependent NK cell degranulation assay, the inhibition observed by the double FcγR 

mutant shows also not an accumulative nature. However, in this setting it is observed that 

gp34 plays a more important role for these individual NK polyclonal cells. Albeit, it is worth 

noting that depending on the donor of the NK cells, the two different HCMV FcγRs alternate 

in their prominence of the CD16 mediated NK inhibition. For that reason, other individual 

variations in NK cell receptor repertoire and activation capacity should be taken in account 

for concluding which FcγR is the mayor inhibitor in NK cell activation. Eventhough we 

observe differences between the activation of BWCD16-ζ effector cells and NK effector cells 

in the presence of immune IgG, the inhibition mediated by the vFcγRs is clearly stated. 

Measuring the overall outcome in NK cell mediated cell lysis could be a sum of different 

activating or inhibitory receptors present on NK cells. Thus, this effect can be due to the 

influence of other HCMV immunosubversive genes or probably, an additional gp68 and/or 

gp34 antibody independent function. It is tempting to consider, that the HCMV vFcγRs could 

also function as putative activating ligands to a given NK receptor. Experiments with 
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ectopically expressed soluble vFcγRs for measuring NK cell activation could reveal better 

insights for this mechanism.  

Concerning CD32-ζ activation, it is noteworthy that when using the rVACV expression 

system, gp34 ectopic expression was completely unable to inhibit IgG-mediated mIL-2 

release. This raises two important questions. First, the effect seen by the rVACV could 

depend on the antigens from vaccinia virus that differ in their CD32-reactive properties from 

the antigens from HCMV.  However, it is more likely that other not yet identified HCMV gene 

products weight more in the final outcome for CD32-ζ inhibition. Our group is currently 

assessing a putative Fc-binding third protein which is differentially expressed in the existing 

FcγR HCMV mutants. Thus, it is tempting to speculate that discrepancies observed between 

the rVACV approach and the HCMV mutants approach can be a more complicate sum effect 

of three different Fc-binding proteins.  

Furthermore when the CD64-ζ effector cells were used, the discrepancies between the gain 

of function approach and the loss of function approach are also founded. When the HCMV 

mutants are used, the single gp68 mutant shows an enhanced mIL-2 secretion when 

compared to the gp34 mutant, but when the rVACV mutants are used, the gp34 expressing 

vaccinia inhibits more efficiently CD64 activation. If the HCMV-IgG properties differ from the 

VACV-IgG properties regarding CD64 activation could also be a factor to take in 

consideration besides the virus antigenic target properties.  

Interestingly, the accumulating effect of the double FcγR knock out mutant is observed in the 

settings for measuring CD32 and CD64 activation. The implication of this inhibition can be of 

extreme value when effector immune cells which bear both host FcγRs on the surface elicit a 

specific antiviral action. For example, dendritic cells express CD32 alone, CD64 alone or 

both depending on their maturation state or cytokine stimulation (Boruchov et al., 2005b). 

Hence, it can be suggested, that HCMV vFcγRs redundantly but selectively interfere with 

dendritic cell activation or phagocytosis and modulate thereby the immune system viral 

control. 
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Our group in cooperation with the Bjorkman group, recently demostrated that gp68, unlike 

host FcγRs but similar to the HSV-1 Fcγ receptor gE, binds to the CH2-CH3 interdomain 

junction of IgG (Figure 3.3) with a nanomolar affinity and a stoichiometry of two molecules of 

gp68 per Fcγ dimer. The gp34 ectodomain was unsuitable for biochemical characterization 

because of aggregation, but it was shown, with a mutated Fcγ fragment, that gp68 and gp34 

bind distinctly, not only between each other but also differently as the host FcγRs, to IgG 

(Sprague et al., 2008). 
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Figure 3.3 Schematic representation of IgG and the binding sites of host 
FcγRs (Hinge region) or HSV-1 gE, HCMV gp68, Protein A Sepharose (SpA), 
Protein G Sepharose (SpG), the Fc neonatal receptor (FcRn) and 
Rheumatoid factor (RF) (CH2-CH3 interdomain junction). The gE and gp68 
vFcγR binding site on Fc does not directly overlap with the binding sites for 
the host FcγRs, which bind on the hinge region of IgG or near the CH2 
domain 

The inhibition mechanism of IgG-mediated effector functions by gp68 and gp34 has been 

suggested to be also bipolar bridging. Since there is no crystal structure for both vFcγR 
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available until the present day, it can be suggested, that the model predicted by the 

Bjorkman group for gE could also be applied for the HCMV vFcγRs. The HCMV vFcγR 

binding site on Fc does not directly overlap with the binding sites for the host FcγRs, which 

bind on the hinge region of IgG or near the CH2 domain (Radaev et al., 2001a; Sondermann 

et al., 2000b). Therefore, the prediction of the HCMV vFcγR/Fc complex does not directly 

explains how gp68 or gp34 binding to the Fc region of IgG leads to evasion of FcγR-

mediated immune responses. However, an immune IgG bound by gp68 or gp34 and by an 

antigen on the surface of an infected cell could be sterically hindered from also binding to 

host FcγRs, because of the close vicinity of the proteins in the antibody bipolar bridging 

complex. Nevertheless, the structural basis for these inhibitions remains a problem to be 

solved. Additionally, the need of a biochemical proof of principle showing the heterocomplex 

of an antigen, an antibody and gp68 or gp34 is critical for supporting the bipolar bridging 

model hypothesis. 

3.2.4 Mouse Cytomegalovirus FcγR m138/fcr-1 interferes with the host 
CD16 activation 

The function in bipolar bridging of IgG by m138/fcr-1 was also studied in cocultivation assays 

using MEF cells infected with a m138 gene deletion mutant or with wild type virus and MCMV 

immune sera as a loss of function approach, but also with rVACV expressing the IgG binding 

modules or not from m138 and a serum pool from mice infected with formalin inactivated 

vaccinia viruses as a gain of function approach. The assessment with a defined antigen 

(MHC-I human molecules), a defined antibody (W6/32) and rVACV expressing or not the IgG 

binding domains from m138/fcr-1 showed clearly and very efficiently the diminishment of 

IgG-dependent activation of CD16-ζ-bearing BW transfectants. Furthermore, the model of 

bipolar bridging was confirmed showing a complex between an antigen (MHC-I), an antibody 

(W6/32) and MCMV m138. This data explains the inhibition of the IgG dependent activation 

of the chimeric CD16 receptor.  
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The mouse CD16 receptor binds primarily IgG2a and IgG2b antibodies, which are the most 

important in eliciting cytotoxic responses in the mouse (Coutelier et al., 1987). In the mouse 

system, NK cells express solely CD16 receptors; but the major ADCC capacity mediated by 

IgG2b has been shown to be not CD16 dependent (Hamaguchi et al., 2006; Nimmerjahn and 

Ravetch, 2007a). Moreover, FcRIV, which has been demonstrated to mediate the activity of 

IgG2a and IgG2b subclasses in vivo, is not expressed on NK cells (Nimmerjahn et al., 

2005b).  m138/fcr-1 IgG subclass binding, revealed a restriction to IgG2a and IgG2b, with no 

binding to IgG1 and IgG3 being detectable (Matthias Budt, unpub data). It is tempting to 

hypothesize, that m138/fcr-1 focuses on those IgG subclasses that dominate most antiviral 

immune control in order to hinder more efficiently the host immune response. The current in 

vivo evidence obtained in mouse model systems argues for granulocytes, monocytes or 

macrophages as the responsible cell types mediating IgG dependent immune control. 

Hence, the need for the assessment of the m138/fcr-1 IgG dependent inhibition of mouse 

FcγRs CD64, CD32 and FcRIV is of critical importance in order to predict if this vFcγR 

interferes with IgG mediated effector functions and MCMV infection outcome.  

The in vivo experimental confirmation of the IgG-dependent inhibitory findings seems difficult 

to accomplish since m138 has intrinsic and dominant inhibitory function in H60, RAE-1 and 

MULT-1 dependent NK cell activation (Lenac et al., 2006f). This fact explains an attenuation 

of virus replication in vivo in an IgG-independent manner (Crnkovic-Mertens et al., 1998; 

Jonjic et al., 1994a). Additionally, m138 promotes the rapid disappearance of the 

costimulatory molecule B7-1 (CD80) from the cell surface of DC (Mintern et al., 2006a). 

There are also unpublished observations involving m138 in the modulation of ICOS-Ligand 

(Mages, Budt, Hengel, unpub observations). Nevertheless, it can be suggested that the 

NKG2D dependent activation of NK cells can be blocked with a specific antibody in an 

MCMV Rag-/- mouse model, where T and B cells are absent and with adoptive transfer of 

MCMV immune sera. 
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Taken together, MCMV m138/fcr-1 molecule is both an FcγR efficiently inhibiting IgG 

mediated activation of CD16 in vitro and a regulator of cell surface expression of NK ligands. 

This shows a broad range of functions with impact on NK cells and B cells. 

3.2.5 vFcγRs selective interference of Host FcγRs 

Taken together, the vFcγRs are redundant inhibitors, but selectively interfere with the 

different IgG mediated effector functions, especially with the host FcγRs activation. (Table 

3.1) 

Table 3.1 Selective inhibition through herpesviral FcγRs of the different IgG 
mediated Host FcγR activation 

Not affectedInhibition
++

Inhibition
+++

Inhibition
++

Inhibition
++

CD16

Host FcγR activation

Inhibition
+

Inhibition
+

CD32

Inhibition 
++

Inhibition 
+

CD64

gE

gp34

gp68

m138 Inhibition
++

Not tested Not tested

 

 

It is tempting to speculate, that the receptor selective inhibition mediated by the vFcγRs has 

an important function in the immune evasion strategies of herpesviruses. However, this 

inhibition does not limit itself to the humoral immune response but rather affects cellular 
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immune responses, e.g. NK cells (ADCC) and APCs like dendritic cells and macrophages 

(phagocytosis). 

3.3 Herpesviruses and antibodies 

Antibodies are powerful tools of the host immune system contributing to the control of 

infections. Antibodies display antiviral activities in vitro and in vivo. Experimental procedures 

in vitro could predict their effective activity in vivo. However, the methodology available until 

now, limits the recognition of antiviral antibodies as being ELISA-reactive or neutralizing. The 

correlation between neutralization in vitro and protection in vivo is controversial and still 

unclear. An effective antibody’s modus operandi besides neutralization is likely to be through 

the ability of the Fc part to trigger effector systems. They represent a link between the target 

and effector functions like complement and ADCC. Therefore, the novel assay for measuring 

IgG dependent triggering of host FcγRs could be a strong correlate for antiviral protection.  

Nevertheless, antibody activity in vivo should be differentiated between the ability of the 

antibody to protect against infection, when it is present before or immediately after infection; 

and the ability of the antibody to interfere with an established infection. Since the scope of 

this work lies in the elucidation of immunoevasion of members of the herpesvirus familiy and 

top features of these viruses are the establishment of latent infections and reactivation 

capacity, it is clear that we are not dealing with antibody inhibition of infection. The 

immunological settings described here depict a connection between pre-existing antibodies 

and FcγR bearing effector immune cells. Thus, the actual immunosubversive action through 

the vFcγRs would be predicted to occur in reactivation settings, when antiviral antibody is 

already present, or when antibody therapy for avoiding reactivation and strong viremia is 

applied. 

Herpesviruses show once again how amazingly adapted opportunists they are in order to 

cope with multiple host immune responses, not only IgG mediated but also FcγR-mediated. 
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3.4 Future Perspectives 

The characterization of vFcγRs interference with IgG mediated effector functions raises 

several questions that remain to be answered. First, since IgG subclasses differ in their 

capacity to activate the host FcγRs, the relative efficiency of inhibition of the vFcγR using the 

different IgG subclasses as opsonizing antibodies has to be performed. More importantly, the 

elucidation of the conformational basis of interference of the host FcγRs by means of bipolar 

bridging for gp68 and gp34 is critical. In addition, a crystal structure for understanding the 

mechanism of how host FcγRs are prevented to bind to pre-bound IgG by the vFcγR is of 

extreme importance. Probably, the explanation lies on steric hindrance, but other important 

amino acid residues or conformational features could also influence this inhibition. One of the 

differences between HSV-1 gE, which binds Fcγ at the slightly basic pH of the extracellular 

milieu but not at the acidic pH of endosomes, and the gp68/Fcγ complex is that this binding is 

stable at pH values from 5.6 to pH 8.1(Sprague et al., 2008). These points to a 

phagocytic/endocytic pathway mediated by gp68 for directing IgG to the lysosomes for 

digestion and thereby, withdraw antibodies from circulation. Thus, studies of antibody 

internalization and phagocytosis of immune complexes must be pursued. Furthemore, gp68 

possesses an ITIM in its intracitoplasmic region, thus, the potential signalling outcome could 

be also investigated.  

The assessment of the putative NK activatory ligand feature of the gp68 and/or gp34 has 

also to be performed. Interestingly, other groups have reported inhibition of NK cell mediated 

cell lysis when using ΔvFcγR virus infected target cells in the absence of immune antibody 

(Ofer Mandelboim, personal communication). In addition, the third Fc-binding protein 

encoded by HCMV has to be characterized. It is exciting to speculate, that this third Fc-

binding protein may have divergent functions as gp68 and gp34. Its ability to inhibit IgG-

mediated activation of host FcγRs remains to be tested.  
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One of the curious features of the vFcγRs which has not been mentioned before is their 

strong intracellular localization in an infected cell. The possible function of the intracellular 

forms found in infected cells is unknown. Nevertheless, it was tested if upon permeabilizing 

the target cells, an enhanced difference between HCMV wt virus and a ΔFcγR-mutant virus 

infected cells in the presence of immune antibody was observed in triggering activation of the 

host FcγRs. The results showed a stronger inhibition from the host FcγRs through the ΔFcγR-

mutant than when only the surface resident antigens and surface resident vFcγRs were 

tested. Furthermore, in assessing different strains of HCMV for host FcγR-reactive IgG, it 

was observed for TB40E infected target cells elicit almost no activation. Nevertheless, when 

we permeabilized the target cells, a clear-cut activation was seen. Therefore, it is tempting to 

speculate, that the antibody-host FcγR response may not be limited to surface resident 

antigens but also to cellular lumen resident antigens. We propose a biphasic model of 

antibody-FcγR control of viral infection. First, a Phase 1 or Perforation phase takes place, 

where antibodies detecting surface resident antigens activate FcγR bearing cytolytic cells, eg 

NK cells. The NK cells degranulate releasing perforin and induce pores on the target cells. 

Liberated granzyme may not be enough for complete lysis of target cells, but pores on the 

surface on the cell facilitate the translocation of antibodies. Then, a Phase 2 or Activation/ 

Recruitment phase occurs, where antibodies recognizing intracellular antigens in the lumen 

engage NK cells and activation is elicited, resulting in IFN-γ, cytokine release or complete 

target lysis.  
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Figure 3.4 Biphasic model of antibody-FcγR control of viral infection. First, 
a Phase 1 or Perforation phase takes place, where antibodies detecting 
surface resident antigens activate FcγR bearing cytolytic cells, eg NK cells. 
The NK cells degranulate releasing perforin and induce pores on the target 
cells, facilitating antibody translocation to the lumen. Then, a Phase 2 or 
Activation/ Recruitment phase occurs, where antibodies recognizing 
intracellular antigens in the lumen recruit NK and activation is elicited, 
resulting in IFN-γ and cytokine release or complete target lysis. 

The high amount of circulating IgG in immune individuals directed against intracellular HCMV 

proteins like pp65 (Vanzanten et al., 1995) can function as elicitors of cytokine secretion in 

this setting. Furthermore, the high concentration of vFcγRs found in the cellular lumen could 

interfere with host FcγR activation in this setting. Further experiments with permeabilization 

of target cells and polyclonal NK cells as effector cells can be design and applied for testing 

this model.  
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4  Materials  

4.1 Devices 

Microscope:   Axiovert 25, Zeiss 

    TS100, Nikon 

    Axiovert 40 CFL, Zeiss 

Incubators:   BBD 6220, Heraeus 

    G25 Incubator Shaker, New Brunswick Scientific 

Nitrogen Tank:  Biosafe MD, Cryotherm 

Freezing container:   Qualifreeze, Qualilab 

Laminar Air Flow:  Hera Safe, Heraeus 

Centrifuges:   5810R, Eppendorf 

    5415D, Eppendorf 

    5417R, Eppendorf 

    3K30, Sigma 

    J2-21, Beckman 

    OptimaL-70K, Beckman 

Thermoblocks:  ThermoStat plus, Eppendorf 

    Thermomixer Comfort, Eppendorf 

Blot-shaker:   3011, GFL 

Vortexer:   L46, Labinco 

    VV3, VWR 

SDS Electrophoresis  

Equipment:   Agagel mini, Biometra 

    Agagel maxi, Biometra 

    Minigel-Twin, Biometra 

DNA Electrophoresis:   

Power-Supplies:  Power Pac 300, Biorad 

    EPS 301, Amersham 

Blotting-Equipment:  Fastblot B64, Biometra 

Thermocycler:   T1 und T3000, Biometra 

Sequenzierer:   ABI PRISMTM 377 DNA Sequencer, Applied Biosystems 

Sonicator:   Branson Sonifier 450 

ELISA Reader:  Rainbow ELISA Reader, TECAN 
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ELISA Reader  

for viral IgG and IgM :  Behring ELISA Processor II 

FACS Equipment:  FACSCalibur™ and FACSCanto II™ BD, Biosciences 

Gamma counter:  Perkin-Elmer (Packard) Cobra II Gamma Counter 

MACS Magnet:  MidiMACS Separator 

Fluorescence Reader: BertholdTech Mithras 

4.2 Chemicals and biochemicals 

Ammonium Persulfate (APS)      Riedel-de Haen 

Ampicilin        Roth 

Anti-Flag agarose (ECS affinity purified  

Immobilized conjugate)      Bethyl 

Bacitracin        Sigma 

Bacto-Agar        Fluka 

β-Mercaptoethanol       Roth 

Bgl II         New England Biolabs 

Bovine Serum albumin (BSA) 30%      PAA Laboratories 

Brefeldin A Protein transport inhibitor GolgiPlugTM   BD Biosciences  

Bromphenol blue        Merck 

CalceinAM        Fluka 

Calcium Chloride       Roth 

Ciprofloxacin Hydrochloride      ICN Biochemicals 

Complete Protease Inhibitors      Roche 

Chloridic acid        Roth  

Citric acid        Roth 

Dimethylsulfoxide (DMSO)      Roth 

Dithiothreitol (DTT)        Merck 

DNase I, RNase-frei       Roche 

DNA-Size Standards Hyperladder I     Bioline 

dNTPs         Roche 

Dulbecco’s Modified Eagle Medium (DMEM)    Invitrogen 

EDTA          Merck 

Ethanol        Merck 

Ethidium bromide        Biorad 

FCS (Fetal calf serum)      Invitrogen 

Formaldehyde 37%       Merck 
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Glycerol        Roth 

Glycin          Neolab 

Geneticin (G418)       Sigma 

HEPES         Serva 

Hydrogen Peroxide 30%      Roth 

Isopropanol        Merck 

Kaleidoscope Prestained Protein-Standard     Biorad 

Leupeptin        Sigma 

L-Glutamin (200mM; 100x)       Invitrogen 

Lymphoprep        Axis-shield 

Methanol        Merck 

Minimal Essential Medium (MEM) 10x    Sigma 

Monensin Protein Tranport inhibitor GolgiStopTM   BD Biosciences 

mIL-2         PeproTech Inc 

Not I         New England Biolabs 

NP40/Igepal        Sigma 

OptiMEM        Invitrogen 

Penicillin (10.000U/ml)/Streptomycin (10.000µg/ml)   Invitrogen 

Pepstatin A   Sigma  

Phenol/Chloroform/Isoamylalkohol     Roth 

PMSF         Roth 

Protein A-Sepharose       Amersham 

PBS Tablets        OXOID 

PBS         Invitrogen 

Ponceau S solution       Sigma 

Propidium Iodide       Sigma 

rHu IL-2        PromoKine 

Rotiphorese-30-Acrylamid       Roth 

RPMI 1640 Glutamax       Gibco 

Saccharose        Roth 

Skimmed milk powder       Sucofin 

SeaKem LE Agarose       BioWhittaker 

Sodium acetate       Roth 

Sodium chloride       Roth 

Sodium citrate        Roth 

Sodium dodecyl sulfate (SDS)     Roth 

Sodium carbonate       Roth 
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Sodium hydroxide       Merck 

Sodium phosphate       Merck 

Sodium Vanadat       Alexis 

Sodium Pyruvate (100 mM)      Invitrogen 

Sorbitol        Roth 

Spe I         New England Biolabs 

Sulfuric acid        Roth 

Superscript II         Invitrogen 

T4-DNA-Ligase        Fermentas 

Taq-Polymerase       Invitek 

TEMED         Roth 

3,3’,5,5’-Tetramethylbenzidine (TMB) Tablets   Sigma  

Tris-Base         Roth 

Trypan blue stain (0.4%)      Invitrogen 

Trypsin 2.5%         Invitrogen 

Tween-20         Sigma 

4.3 Kits 

Expand High Fidelity PCR System     Roche 

QIAqick Gel Extraction Kit       Qiagen 

QIAprep Spin Miniprep Kit       Qiagen 

Plasmid Midiprep Kit endotoxin free     Qiagen 

Plasmid Midi Kit        Qiagen 

QIAshredder        Qiagen 

RNeasy Mini Kit        Qiagen 

OneStep RT-PCR Kit       Qiagen 

ECL Plus Western Blotting Detection System    Amersham 

Superfect Transfection Reagent      Qiagen 

Lipofectamine2000/Lipofectamine2000 CD    Invitrogen 

ABI Prism Big Dye 3.1 Sequenzier-Kit     Applied Biosystems 

Enzygnost Anti-Measles Virus IgG     Dade Behring 

Enzygnost Anti-Measles Virus IgM     Dade Behring 

Enzygnost Anti-CMV IgG      Dade Behring 

Enzygnost Anti-CMV IgM      Dade Behring 

Enzygnost Anti-HSV I IgG      Dade Behring 

Enzygnost Anti-EBV IgG      Dade Behring 



  

 132

Anti-RSV IgG ELISA kit      Novagnost TM 

NK Cell Isolation Kit II      Miltenyi Biotec GmbH 

ImmunePure® Fab Preparation Kit     PIERCE 

4.4  Solutions and Buffers 

LB(Luria-Bertani)-Medium    1% (w/v) Bacto-Trypton 

       5.5% (w/v) Bacto-Yeast-Extract 

       1% (w/v) NaCl 

 

10x TBE      900 mM Tris 

       900 mM Boric acid 

       20 mM EDTA; pH 8.0 

 

6x TBE-Sample buffer    10% (v/v) Glycerol  

       6x TBE 

       Bromphenol blue 

 

 

10x PBS; pH 7,4     136 mM NaCl 

       2.6 mM KCl 

       1.8 mM Na2HPO4 2H2O 

1.5 mM KH2PO4 

 

MCMV-Saccharose-VSB-Cushion; pH 7.8  15% Saccharose 

       50 mM Tris /HCl 

       12 mM KCl 

       5 mM EDTA 

 

HCMV-Sorbitol-Cushion    20% (w/v) Sorbitol 

       50 mM Tris; pH 7.4 

       1 mM MgCl2 

       100 µg/ml Bacitracin 

 

Freezing medium      50% (v/v) DMEM  

40% (v/v) FCS  

10% (v/v) DMSO  
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Native Lysis buffer; pH 7.4    10 mM KCl 

(Prepared fresh every time                200 mM NaCl 

before use)      10 mM MgCl2 

       20 mM HEPES 

       0.5% (v/v) NP40-Igepal 

       100 mM EDTA 

       10% Glycerol 

       0.1 mM Sodium Vanadat 

       0.1 mM PMSF 

       1 mM DTT 

       0.5 μM Pepstatin A  

       Complete Protease Inhibitors  

       Adjust pH to 7.4 with KOH 3M 

 

5x SDS-Sample buffer    0.25 M Tris/HCl; pH 6.8 

       25% (v/v) Glycerol 

       20% (w/v) SDS 

       0.5% (v/v) β-Mercaptoethanol 

       Bromphenol blue 

 

10x Lämmli-Electrophoresis Buffer   252 mM Tris 

       1.92 mM Glycin 

       1% (w/v) SDS 

 

10x Semidry-Blot-Buffer    480 mM Tris 

       280 mM Glycin 

       20% (v/v) Methanol 

 

10x TBST       0.1 M Tris/HCl; pH 8.0 

       1.5 M NaCl 

       5% (v/v) Tween-20 

 

IP-Lysis Buffer      140 mM NaCl 

       5 mM MgCl2 

       20 mM Tris; pH 7.6 

       1% NP40 (v/v) 

       0.5-1 mM PMSF (added before use) 
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IP-Wash Buffer B     150 mM NaCl 

       10 mM Tris; pH 7.6  

       2 mM EDTA 

       0.2% NP40 (v/v)  

 

IP-Wash Buffer C     0.5 mM NaCl 

       10 mM Tris; pH 7.6  

       2 mM EDTA 

       0.2% NP40 (v/v) 

 

IP-Wash Buffer D     10 mM Tris; pH 8 

 

Stacking gel       5% acrylamide (v/v)  

65mM Tris/HCl pH 6.8  

0.1% (w/v) SDS  

14% (w/v) sucrose  

TEMED  

0.13% (w/v) APS 

 

Separating gel     10% Acrylamide 

       43mM Tris/HCl, pH 8.8 

       0.1%SDS (w/v) 

       TEMED 

       0.12% APS (w/v) 

 

FACS Buffer       1x PBS  

2.5% FCS  

0.05% Sodium Azide 

For intracellular FACS: add 0.3% Saponin  

 

Binding Buffer for ELISA    0.1 M Na2HPO4, adjust pH to 9.0 

Blocking Buffer for ELISA    PBS  

10% FCS  
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Sample Buffer for ELISA    PBS  

10% FCS 

0.1% Tween-20 

Washing Buffer for ELISA    PBS 

       0.1% Tween-20 

 

Substrate Buffer for ELISA    0.05 M phosphate-citrate buffer, pH 5.0 

  For Solution A:   0.2 M Na2HPO4  

  For Solution B:   0.1 M citric acid 

Mix 25.7 ml of Sol. A with 24.3 ml of Sol. B and add 50 ml aqua bidest (pH 5.0) 

     

Stop Solution for ELISA    1M H2SO4 

 

MACS Buffer      PBS 

       2mM EDTA 

       0.5% FCS 
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4.5 Oligonucleotides 

Primer Name Sequence Application 

5’CD64-SpeI CCCACTAGTGGGGCCGCATCCATGTGGTTCTTGACAACT BWCD64-ζ 
production 

5’CD16mouse-
SpeI CCCACTAGTGGGGCCGCATCCATGTTTCAGAATGCACAC BWmCD16-

ζ  production 

5’CD32-SpeI CCCACTAGTGGGGCCGCATCCATGTCTCAGAATGTATGT BWCD32-ζ 
production 

5’FcRIV-SpeI CCCACTAGTGGGGCCGCATCCATGTGGCAGCTACTACTAC BWmFcRIV-ζ 
production 

3’CD64-zeta GTAGCAGAGTGTCACCCAGAGAACAGTGTT BWCD64-ζ 
production 

3’CD16mouse-
zeta GTAGCAGAGTACGTAGAAATAAAGGCCCGT BWmCD16-ζ 

production 

3’CD32-zeta GTAGCAGAGCCCCATTGGTGAAGAGCTGCC BWCD32-
ζ production 

3’FcRIV-zeta GTAGCAGAGCGGTGGAAACATGGATGGAGA BWmFcRIV-ζ 
production 

5’zeta-CD64 TGGGTGACACTCTGCTACTTGCTAGATGGA BWCD64-ζ 
production 

5’zeta-
CD16mouse CTAGTCTGGCTCTGCTACTTGCTAGATGGA BWmCD16-ζ 

production 

5’zeta-CD32 CCAATGGGGCTCTGCTACTTGCTAGATGGA BWCD32-ζ 
production 

5’zeta-FcRIV TTTCCACCGCTCTGCTACTTGCTAGATGGA BWmFcRIV-
ζ production 

3’zeta-NotI AAGGCGGCCGCCTTAGCGAGGGGCCAGGGTCTG 
BW FcγR-ζ 

transfectants 
production 

5’-CD59* ATGGGAATCCAAGGAGGGT 

3’-CD59* ATGAAGGCTCCAGGCTGCT 

RT-PCR         
Size: 380bp 

5’-CD46* GCTTACCTGTCTCAGATGACG 

3’-CD46* ACCACTTTACACTCTGGAGC 

RT-PCR         
Size: 411bp 

5’-CD55* GCAACACGGAGTACACCTTG 

3’-CD55* GCTAAGAATGTGATTCCAGG 

RT-PCR         
Size: 361bp 

5’-actin* CCTTCCTGGGCATGGAGTCCT 

3’-actin* GGAGCAATGATCTTGATCTT 

RT-PCR         
Size: 201bp 

 

Italics: zeta chain  
underlined: restriction enzyme cutting sequence 
* PRIMERS from Rushmere, NK INT J CANCER, 2004 
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4.6 Cell lines  

MRC-5   human lung fibroblasts (ATCC CCL-171)  

HEp-2    human epithelial (ATCC CCL-23)  

Vero    green monkey kidney cells (ATCC CCL-81)  

CV-1   green monkey kidney cells (ATCC CCL-70) 

B95-8    Epstein-Barr virus (EBV)-transformed cells (ATCC CRL-1612)  

BW5147   mouse thymoma cells (ATCC TIB-47TM)  

HeLa   Human epithelial cervix adenocarcinoma (ATCC CCL-2) 

 

MEF   Mouse embryonic fibroblasts (home-made) 

4.7 Viruses 

Human cytomegalovirus (HCMV) strains AD169 (Hengel et al., 1995) and HB5 (Borst et al., 

1999a) 

Herpes Simplex Virus 1 strain F (HSV-1F) (Dingwell et al., 1994) 

Respiratory Syncytial Virus (RSV) A strain Long (Purschased from M.A. Bioproducts, 

Rockville, MD, USA. No. 30-875 J)  

Measles Virus (MV) strain Enders (Purchased from Behring, Marburg, Germany. No. OKEL 

04) 

2 RSV A clinical isolates # 5720 and # 4732, Institute of Virology, Düsseldorf 

Mouse Cytomegalovirus  MCMV-BAC MW97.01 (Wagner et al., 1999)  

Vaccinia virus (VACV) wild type Western Reserve (WR) 

HCMV mutants Δgp68, Δgp34, Δgp68Δgp34 (Atalay et al., 2002h) 

HSV 1 mutants ΔgE and ΔgE Revertant (David Johnson, Portland) 

rVACV expressing gp68, gp34 and gE (Atalay et al., 2002i) 

MCMV m138 FSH mutant  

rVACV expressing m138, Ig1 and ΔIg1  
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4.8 Antibodies and IVIGs 

 
Primary antibodies and IVIGs 

Name Firma/Producer Catalogue number Application 

Anti-FLAG (M2) Sigma F-3165 Western Blot 

HC10 (anti- human MHC I) ATCC Ascites Western Blot 

28-14-8S (anti- mouse MHC I) ATCC HB27 Western Blot 

RSV-F protein Serotec MCA490 Western Blot, BW 
FcγR-Assay, IP 

Anti-HCMV pp72 MsX CMV Chemicon MAB810R Western Blot, FACS 

Anti-HCMV pp65 mAb [3A12] Abcam Ab6503 Western Blot, FACS 

W6/32 (anti MHC-I) ATCC HB95 IP, FACS 

Normal Goat Serum Dianova 005-000-121 FACS 

Anti-human CD16 BD Pharmingen 555403 
Crosslinking, 

CD107a assay 
(FACS) 

Anti-human CD16 A/B (H-80) Santa Cruz Sc-20627 Crosslinking, IP 

Anti-human CD64 Ancell # 216-020 Crosslinking, IP 

Anti-human CD32 (AT10) Santa Cruz Sc-13527 Crosslinking, IP 

Anti-mouse IL-2 JES6-5H4 BD Pharmingen 554426 ELISA Capture Ab 
Anti-mouse IL-2 Biotinylated 

JES6-1A12 BD Pharmingen 554424 ELISA Detection Ab 

Anti-human CD56-PE BD Pharmingen 555516 FACS 

Anti-human CD16-PE BD Pharmingen 555407 FACS 

Anti-human CD107a-Cy5 BD Pharmingen 555802 FACS 

Anti-human CD3-FITC BD Pharmingen 555339 FACS 

Anti-human CD64-FITC BD Pharmingen 555527 FACS 

Anti-human CD32-FITC BD Pharmingen 555448 FACS 

Anti-mouse CD16/CD32 Biolegend 101309 FACS, Crosslinking 
Anti-Phosphotyrosine, clone 

4G10® Upstate 05-321 Western Blot 

Synagis® (Palivizumab) MedImmune, Inc. Provided by 
MedImmune, Inc. 

BWFcγR Assay, 
FACS, IP 

Cytotect® CP Biotest Biotest 636010 BWFcγR Assay 

Human IgG Fc Fragment-FITC Rockland 009-0203 FACS 

Mouse IgG Fc Fragment-FITC Rockland 010-0203 FACS 
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Secondary Antibodies 

 

Name Firma/Producer Catalogue number Application 

Goat anti-mouse IgG 
Peroxidase Conjugated Dianova 115-035-003 Western Blot 

Goat anti-mouse IgG FITC 
Conjugated Sigma F2012 FACS 

Goat F(ab’)2 anti-mouse IgG 
(Fab specific) Sigma M0659 Crosslinking, 

CD107a Assay 
Goat anti-rat IgG FITC 
Conjugated Sigma F6258 Crosslinking, FACS 

Goat anti-mouse IgG PE 
Conjugated Sigma P9670 FACS 

Streptavidin Peroxidase 
Conjugated Dianova 016-030-084 ELISA 

Goat anti-human IgG FITC 
Conjugated Sigma F3512 FACS 

Goat anti-human IgG (whole 
molecule) Peroxidase 
Conjugated 

Sigma A8667 Western Blot 
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5  Experimental Procedures 

5.1 Molecular biology methods 

5.1.1 Plasmids and working with E. coli 

Bacterial culture 

Escherichia coli (XL1-Blue: recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ proAB 

lacIqZ∆M15 Tn10 (Tetr)], Stratagene) was cultured in liquid LB medium on a shaker or as 

single colonies on agar plates at 37° C. Ampicillin resistant E. coli was cultured in LB medium 

containing 100 µg/ml ampicillin. The bacterial cultures were stored afterwards in 15% 

Glycerol (v/v) at -80°C or –20°C.  

Preparation of chemo-competent bacteria 

1. Fresh E. colis were grown in 100 ml pre-warmed LB medium until a density of 

OD600=0.6 was reached (approximately, 2 hours).   

2. The bacteria were chilled on ice shortly and then pelleted at 4000 rpm for 10 min 

at 4° C in 50 ml Falcons.  

3. The bacterial pellet was resuspended in 50ml ice-cold 0.1 M MgCl2 and incubated 

on ice for 10 min.  

4. The bacteria were centrifuged at 4000 rpm for 10 minutes at 4°C and the pellet 

was resuspended in 50 ml ice-cold 0.1 M CaCl2 and incubated on ice for 20 min.  

5. Again the bacteria were pelleted and resuspended in 2 ml of ice-cold 0.1M CaCl2 

containing 10% (v/v) glycerol.  

6. Aliquots of 50 µl (enough for one transformation) were snap-frozen in liquid N2 

and stored at -80° C. 

 

Transformation of DNA to competent E. coli 

1. Competent bacteria were thawed on ice for 10 min.  

2. The ice-cold DNA (about 50 ng) was added carefully to the bacteria and incubated 

on ice for 30 min.  

3. The bacteria were then given a heat shock for 45 sec at 42°C.  
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4. The bacteria were cooled on ice for 2 min prior to addition of 1 ml pre-warmed 

(37° C) LB-medium.  

5. The bacteria were shaken 30-60 min at 37° C, pelleted and then plated on LB-

agar under selection pressure (100 µg/ml ampicillin). 

5.1.2 DNA protocols 

DNA preparation 

DNA was isolated from bacterial cultures using Qiagen Mini or Midi kits following 

manufacturer’s protocol. 

Cleaving and isolation of DNA fragments 

Cleaving of DNA for analysis or cloning of genes or gene fragments was accomplished using 

type II restriction endonucleases (purchased from New England Biolabs) which cleave the 

DNA within the recognition sequence. The digest reactions were performed following 

manufacturer’s protocol. The DNA fragments were separated parallel to a DNA ladder 

standard (1 kb ladder from New England Biolabs) by agarose gel electrophoresis. The DNA 

was visualized in the ethidium bromide containing gel using an UV-transilluminator (312 nm). 

For cloning, the fragments of interest were cut out of the gel and the DNA was subsequently 

extracted by the Qiagen QIAquick Gel Extraction Kit following manufacturer’s protocol. 

 

Dephosphorylation of DNA fragments 

To avoid re-ligation of the vector used for cloning, it was dephosphorylated at its 5’-end. For 

this purpose the calf intestinal alkaline phosphatase was used. The reaction was performed 

as suggested by the manufacturer. The dephosphorylated DNA vector was purified using a 

Qiagen silica-gel–membrane (QIAquick PCR purification).  

 

Ligation of DNA fragments 

DNA fragments were produced by digestion of DNA with each restriction endonuclease. The 

fragments and the target vector were then ligated in a reaction volume of 10-20 µl. The 
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fragment to be inserted was given in a 5-fold excess to the vector DNA, from which 50-100 

ng was used. The amount of insert was determined using the equation: 

 

 

The ligation reaction using T4 DNA ligase was performed following manufacturer’s protocol 

at 16° C o/n or for 1h at RT. 

 

PCR (polymerase chain reaction) 

PCR (Mullis and Faloona, 1987) was performed for analysis of DNA, for mutagenesis or 

isolation of genes or gene fragments. The PCR reaction for preparative purposes was 

performed in 25 µl containing: 

 100 µM dNTP’s (Roche) 

 3 µM forward primer 

 3 µM reverse primer 

 10-50 ng template 

1x manufacturer’s buffer (containing MgCl2) 

 2 U Expand High Fidelity PCR System 

 

The PCR reactions for analytical purpose were performed in 25 µl containing: 

 

 100 µM dNTP’s 

 3 µM forward primer 

 3 µM reverse primer 

 1.5 mM MgCl2 

10-50 ng template 

1x manufacturer’s buffer (without MgCl2) 

 0.5 U Taq polymerase (Invitek GmbH) 

 

5 x [kb] insert x [ng] vector 
[kb] vector[ng] insert = 5 x [kb] insert x [ng] vector 
[kb] vector[ng] insert =
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The PCR reaction was performed in a PCR cycler starting with a 5 min denaturation step at 

95° C. After 25-30 cycles of denaturation, primer hybridization (temperature varying) and 

elongation (72° C), an additional elongation step followed for 10 min. The PCR products 

were analyzed by agarose gel electrophoresis. Fragments produced for cloning were purified 

using the QIAquick PCR Purification Kit (Qiagen) prior to any further procedures. 

DNA sequencing 

Sequencing of DNA was performed as a modification of the dideoxy method by Sanger 

(Sanger et al., 1977). The PRISM™ Big Dye Terminators v3.0 Cycle Sequencing Kit was 

used in a 10 µl sequencing reaction containing 750 ng template and 6 µM primer. The kit 

Premix contains reaction buffer, dNTP’s, fluorescence labeled ddNTP’s and the AmpliTaq 

DNA polymerase. The sequencing reaction was performed in a PCR-cycler starting with a 

denaturation step at 96° C for 10 sec. 25 cycles were used with primer hybridisation at 55° C 

for 5 sec and elongation at 60° C for 4 min. Further treatment of the samples was performed 

at the sequencing service facilities at the BMFZ (Biomedisches Forschung Zentrum), 

University of Düsseldorf: precipitation and drying of samples and separation by the ABI 

PRISM™ 377 DNA Sequencer (Applied Biosystems). 

 

Preparation of cDNA from mouse splenocytes 

RNA was prepared from a C57BL/6 mouse spleen with a Qiagen RNeasy Mini Kit after 

manufacturer’s instructions. The concentration of RNA was determined and 1 µg was taken 

to produce cDNA.  

 

The cDNA was produced as follows: 

 

RNA from spleen   1 µg 

RNAse free water    9 µL 

DNase I    1 µL 

         Incubation 15 minutes at 22°C 

RQ-DNase Stopping Solution 1 µL 
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         Incubation 15 minutes at 65°C 

Oligo-dT- Primer   1 µL 

5x First Strand Buffer   4 µL 

DTT 0.1 M    2 µL 

dNTP’s (each at 2.5 µM)  1 µL 

RT-Superscript   1uL 

         Incubation 60 minutes at 42°C 

         Incubation 15 minutes at 70°C 

 

The cDNA was maintained at -20°C for 2 months at the most. 

  

Construction of FcγR-ζ chain chimeric receptors  

 

Cloning of the cDNAs for the human FcγRs CD16a (AA 158V), CD32a and CD64 has been 

described (Allen and Seed, 1989; Stengelin et al., 1988) and they were obtained from Brian 

Seed (Boston, USA). For cloning of the mouse CD16 and FcRIV receptors, cDNA was 

prepared from C57BL/6 splenocytes. The extracellular portion of both FcγRs was amplified by 

PCR using a pair of primers which include a SpeI restriction site on the 5’-end and one that 

includes the first nine nucleotides of mouse CD3-ζ chain transmembrane portion on the 3’-

end (see Oligonucleotides in materials). The mouse CD3ζ-chain was amplified by PCR using 

primers which include the last nine nucleotides of the extracellular portion of each of the 

FcγRs on the 5’-end and the primer 5’-

AAGGCGGCCGCCTTAGCGAGGGGCCAGGGTCTG-3’ including a NotI restriction site for 

the 3’- end. The two amplified fragments were mixed and double template PCRs were 

performed with the 5’ SpeI primer and the 3’ NotI primer for the generation of the respective 

FcγR-ζ constructs (Figure 5.1).  
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Original Template:

cDNA or p7.5K-human FcγR

Primer: 5‘-FcγR-Spe Primer: 3‘- FcγR-zeta

1.Template: FcγR + 9 nucleotides of CD3-z chain

Original Template:

pcDNA3.1-human CD16-ζ

Primer: 5‘-zeta-FcγR Primer: 3‘- zeta- Not

2.Template: zeta chain + 9 nucleotides of FcγR

Double template PCR

Primer: 5‘-FcγR-Spe Primer: 3‘- zeta- Not

CD3-ζ TM CD3-ζ cytHuman/mouse FcγR
extracellular domain

SpeI NotI

Cloning into pcDNA3.1

 

Figure 5.1 Cloning strategy for constructing the chimeric FcγR-ζ Receptors. 

After restriction endonuclease analysis of generated constructs, correct sequence was 

confirmed before further analysis was continued. The FcγR-ζ constructs were cloned into 

pcDNA3.1 expression vector (Invitrogen Corp., Carlsbad, California, USA) and used for the 

generation of stable FcγR-ζ BW transfectants. The constructs for human CD16-ζ and the 

hBWCD99-ζ transfectants have been described (Mandelboim et al., 1999b; Mandelboim et 

al., 2001). 

5.1.3 Working with RNA 

RNase-free buffers were used for all the work with RNA in order to avoid degradation. The 

preparation of RNA was performed with the Qiagen RNeasy Mini Kit from approximately 

1x107 cells per sample. For disrupting the cells and homogenization of the sample, the 

QIAShredder from Qiagen was used.  
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Semi-quantitative RT-PCR 

For the semi-quantitative analysis from mRNA-Transcripts from total RNA, the OneStep RT-

PCR Kit from Qiagen was used. The only change performed to the manufacturer’s protocol 

was the final volume of the sample: instead of being 50 µl, we used 10 µl final volume 

samples. 5 µl from this sample was further analyzed in agarose gel electrophoresis. The 

number of cycles (25 for CD59, 26 for CD16 and 30 for CD55 and GAPDH) were different to 

every primer pair.  

 

RT-PCR Reaction     RT-PCR Programm 

5x Buffer     2 µl    50°C  30 min 

dNTP-Mix  0.6 µl    95°C  15 min 

Primer 1  0.4 µl    94°C  30 sec 

Primer 2  0.4 µl    55 °C  30 sec       25 to 30 Cycles 

Enzyme-Mix  0.6 µl    72°C  30 sec 

RNA       1 µl    72°C  10 min 

H2O      5 µl    4°C     ∞ 

5.2 Working with eukaryotic cells 

5.2.1 Cell culture 

MRC-5 human lung fibroblasts, human HEp-2, Vero cells, CV-1 cells and Hela cells were 

purchased from ATCC. All these cells and MEFs were maintained in culture with D-MEM 

(Gibco), 10% heat-inactivated fetal bovine serum (FBS), 1% Penicillin (10.000 U/ml), 1% 

Streptomycin (10 mg/ml) and 1% Glutamine (200 mM). For passaging the adherent cells, the 

cells were washed with steril PBS and then detached using 0.3% Trypsin (v/v) diluted in PBS 

or 0.5%Trypsin plus 2 mM EDTA and then resuspended in fresh cell culture media. 

Epstein-Barr virus (EBV)-transformed B95-8 cells (ATCC CRL-1612) and mouse BW5147 

thymoma cells (ATCC TIB-47TM) and transfectants thereof were maintained in RPMI1640 

medium with 10% heat-inactivated fetal bovine serum (FBS), 1% Penicillin, 1% Streptomycin, 

1% Glutamine, and 1% Sodium Pyruvate (100 mM). 
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 BWFcγR-ζ transfectants were selected in RPMI medium supplemented with 3 mg/ml G418 

(Sigma-Aldrich, Germany).  

The preparation of mouse embryonic fibroblasts (MEF) is described elsewhere (Brune et al., 

1999). Usually, they were used on passage 2 or 3 for infection with MCMV. 

 

For storing, cells were trypsinated when needed, washed with DMEM, centrifuged at 200 g 

for 3 minutes at room temperature, resuspended in freezing medium, and aliquoted in Cryo-

Tubes (NUNC). The freezing medium is specially used in order to avoid formation of crystals 

during the freezing process that could destroy the cells. These medium contains 10% DMSO 

(v/v) and 50% FCS (v/v) or 90% FCS (v/v) for suspension cells. Cells were frozen slowly (-

1°/1h) to -80° C in a freezing container (Qualifreeze) and were then removed to liquid N2. 

5.2.2 Transfection of BW5147 cells with the FcγR-ζ chimeric constructs 

TCRαβζ negative murine BW5147 thymoma cells were transfected with constructs encoding 

chimeric FcγR-ζ chain proteins. The cytoplasmic domain of the T-cell receptor ζ-chain is 

sufficient to trigger IL-2 secretion after binding of the extracellular portion (Irving and Weiss, 

1991a). Transfection of BW5147 cells was performed using Superfect (Qiagen GmbH, 

Hilden, Germany) following the manufacturer’s instructions for suspension cells. Stable BW 

transfectants were selected at concentrations of 3 mg/ml Geneticin (G418) (Sigma-Aldrich, 

Germany). After 4 weeks of selection, expression was assayed by FACS (Excalibur or 

FACSCantoII, Becton Dickinson, California, USA). 
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5.3 Working with viruses 

5.3.1 Human Cytomegalovirus Stock preparation 

HCMV was propagated on MRC-5 cells. For a stock preparation, a pre-stock of one T175 

flask of almost 80% confluence was infected for approximately 7 days. Afterwards, 20 T175 

flasks with MRC-5 were infected with the supernatant of the pre-stock. After appearance of 

CPE and that the cells started to detach (approx. 9 days), the supernatant was collected in 

500 ml centrifuge containers and centrifuged at 5000 g (6.000 rpm, J2-21, Beckman) for 10 

minutes at 15°C in order to pellet the cell debris. Afterwards, the supernatant was collected in 

250 ml centrifuge containers and centrifuged 3 hours at 20.000 g (13.000 rpm, J2-21, 

Beckman) at 15°C in order to pellet the virus. The virus pellet was resuspended in 10 ml D-

MEM and homogenized with a Douncer (Wheaton). The virus suspension was pipetted 

carefully over a sorbitol cushion and centrifuged 1 hour at 60.000 g (20.000 rpm, OptimaL-

70K, Beckman) at 10°C. After the ultracentrifugation, the supernantant was discarded and 2-

3 ml of PBS were added to the pellet and was left at least 1 hour at 4°C to allow a better 

resuspension of the pellet. The pellet was resuspended and homogenized with a Douncer. 

Aliquots of 30-50 μl were made and frozen at -80°C. 

5.3.2 Human Cytomegalovirus titration 

MRC-5 cells were platted in a 96-well format. The cells should be 80-85% confluent. The 

virus stock was pre-diluted 1/100 and then 1/10 steps dilutions were added to the cells. 

Dilutions between 10-2 and ending with 10-9 µl stock/ml medium were used. The plate was 

centrifuged for enhancement of infection at 800 g (2.000 rpm) for 15 minutes at 28°C, and 

then the plate was turned around and centrifuged once again. After incubation for 72 hours at 

37°C in 5% C02 atmosphere, the supernatant was aspirated and pre-cooled methanol was 

added in order to fix and permeabilize the cells. The methanol was discarded after at least 2 

hours incubation at -20°C, the plate was dried and a micro-titration method was performed. 
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In this method the cells are incubated for 1-2 hours at room temperature with an antibody 

CCH2 directed against an early antigen of HCMV diluted in 1% Skimmed milk/PBS, washed, 

incubated once again with goat anti mouse IgG-POD for 30 minutes at room temperature, 

washed for getting rid of unbound antibodies, then a substrate reaction is performed with 

AEC (3-Amino-9-ethyl-carbazol) as a precipitable substrate and the reaction is stopped after 

observation of brown cells, which depict infected cells. Brown cells are counted and titer is 

given as infectious units/ml of virus stock. 

5.3.3 HCMV infection for analysis 

MRC-5 cells were splitted to an adequate culture dish one day prior to infection. The cells 

were infected in an adequate volume of medium (e.g. 100 µl for a well in a 96-well plate) with 

an MOI (multiplicity of infection: number of PFU/cell) of 2-4 of HCMV. Enhancement of 

infection was usually done by centrifugation at 2.000 rpm for 15 minutes at 28°C, and then 

the plate was turned around and centrifuged once again. After incubation for 72 hours at 

37°C in 5 %C02 atmosphere the different assays (e.g. Lysates, BWFcγR-ζ assay, etc.) were 

performed. 

5.3.4 Herpes simplex virus 1 (HSV-1) Stock preparation 

HSV was propagated on VERO cells. For a stock preparation, a T75 flask of almost 100% 

confluence was infected. After appearance of CPE and that the cells started to detach 

(approx. 2 days), the flask was submitted to 3 cycles of freezing at -80°C and thawing at 

37°C. The supernatant was collected in a falcon and centrifuged at 4.000 rpm for 10 minutes 

at 4°C to get rid of cell debris. Aliquots of the supernatant of 500-1000 µl were made and 

frozen at -80°C. 
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5.3.5 HSV-1 titration 

Titration of HSV stocks was performed in 48-well plates. Dilution of the HSV stock was made 

in 1/10 steps beginning with 10-5 and ending with 10-10 µl stock/ml medium. The HSV dilution 

serial was added to 70-80% confluent Vero cells. 36 hpi the first reading of plaques was 

possible. The plaques should be read no later than 48 hpi, since satellite plaques can form. 

The titer was given as number of plaque forming units (PFU) per 1 ml stock. 

5.3.6 HSV-1 infection for analysis 

MRC-5 cells or Vero cells were splitted to an adequate culture dish one day prior to infection. 

The cells were infected in an adequate volume of medium (e.g. 100 µl for a well in a 96-well 

plate) with an MOI (multiplicity of infection: number of PFU/cell) of 2-3 of HSV. Enhancement 

of infection was usually done by centrifugation at 2000 rpm for 15 minutes at 28°C, and then 

the plate was turned around and centrifuged once again. After incubation for 24 hours at 

37°C in 5% C02 atmosphere, the different assays (e.g. Lysates, BWFcγR-ζ assay, etc.) were 

performed. 

5.3.7 Respiratory Syncytial virus (RSV) Stock preparation 

RSV was propagated on Hep-2 cells. For a stock preparation, a pre-stock was produced by 

infecting 2 wells of a 6-well of 40% confluent Hep-2 cells. Infection enhancement was done 

by centrifuging the plate at 2.000 rpm for 15 minutes at 28°C, and then the plate was turned 

around and centrifuged once again. After incubation for 4-5 days at 34°C in 5 %C02 

atmosphere, the supernatant was used to infect a 50% confluent T75 Hep-2 flask. After 

appearance of CPE and that the cells started to detach (approx. 5 days), the supernatant 

was collected and aliquots of 1000-1500 µl were made and frozen at -80°C. 
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5.3.8 RSV titration 

Titration of RSV stocks was performed in 96-well plates. Dilution of the RSV stock was made 

in 1/10 steps beginning with 10-1 and ending with 10-10 µl stock/ml medium. The RSV dilution 

serial was added to 40-50% confluent Hep-2 cells. After 4-5 days of incubation at 34°C in 5% 

C02 atmosphere, the method of TCID50 was done. Titer of the stock was given as 

TCID50/ml.  

5.3.9 RSV infection for analysis 

Hep-2 cells were splitted to an adequate culture dish 5-6 hours prior to infection. The cells 

were infected in an adequate volume of medium (e.g. 100 µl for a well in a 96-well plate). It is 

very important to infect the cells only if they are at the most 50% confluent. Enhancement of 

infection was usually done by centrifugation at 2000 rpm for 15 minutes at 28°C, and then 

the plate was turned around and centrifuged once again. After incubation for 5 days at 34°C 

in 5% C02 atmosphere the different assays (e.g. Lysates, BWFcγR-ζ assay, etc.) were 

performed. 

5.3.10 Measles virus (MV) Stock preparation 

MV was propagated on CV-1 or Vero cells. For a stock preparation, a pre-stock was 

produced by infecting 2 wells of a 6-well of 80% confluent cells. Infection enhancement was 

done by centrifuging the plate at 2.000 rpm for 15 minutes at 28°C, and then the plate was 

turned around and centrifuged once again. After incubation for 3-4 days at 37°C in 5% C02 

atmosphere, the supernatant was used to infect an 80% confluent T75 flask. After 

appearance of CPE and that the cells started to detach (approx. 4 days), the supernatant 

was collected and aliquots of 1000-1500 µl were made and frozen at -80°C. 
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5.3.11 MV titration 

Titration of MV stocks was performed in 96well plates. Dilution of the MV stock was made in 

1/10 steps beginning with 10-1 and ending with 10-10 µl stock/ml medium. The MV dilution 

serial was added to 70-80% confluent Vero cells. After 3-4 days of incubation at 37°C in 5% 

C02 atmosphere, the method of TCID50 was done. Titer of the stock was given as 

TCID50/ml.  

5.3.12 MV infection for analysis 

CV-1 or Vero cells were splitted to an adequate culture dish 5-6 hours prior to infection. The 

cells were infected in an adequate volume of medium (e.g. 100 µl for a well in a 96-well 

plate). Enhancement of infection was usually done by centrifugation at 2.000 rpm for 15 

minutes at 28°C, and then the plate was turned around and centrifuged once again. After 

incubation for 4 days at 37°C in 5% C02 atmosphere the different assays (e.g. Lysates, 

BWFcγR-ζ assay, etc.) were performed. 

5.3.13 accinia virus stock 

Vaccinia virus (VACV) was propagated on CV-1 cells. For preparation of VACV stock, a 

T175 flask of 100% confluent CV-1 cells were infected with an pfu per cell of 0.5 of VACV. At 

2 days post infection (p.i.) cells were harvested at 3000 rpm for 10 min at 4° C. The cell pellet 

was resuspended in 1 ml ice-cold PBS, removed to a 1.5 ml tube and sonicated 3 x 10 sec. 

Sonication disrupts the cell membrane and releases the virus from the cell. VACV possess a 

stable envelope that protects against sonication. After sonication the suspension was 

centrifuged at 4.000 rpm for 3 min at 4° C and the SN1 was collected in a fresh 2 ml tube. 

The cell pellet was resuspended once again in 1 ml ice-cold PBS, sonicated 3 x 10 sec and 

centrifuged at 4000 rpm for 3 min at 4° C. SN2 was pooled with SN1. The new VACV stock 

was titrated and kept at 4° C. An aliquot (master stock) was stored at -80° C. 



  

 153

5.3.14 Titration of VACV stock 

Titration of VACV stocks was performed in 48well plates. Dilution of the VACV stock was 

made in 1/10 steps beginning with 10-5 and ending with 10-10 µl stock/ml medium. The VACV 

dilution serial was added to 60-70% confluent CV1 cells. 36 hpi the first reading of plaques 

was possible. The plaques should be read no later than 48 hpi, since satellite plaques can 

form. The titer was given as number of plaque forming units (PFU) per 1 ml stock. 

5.3.15 VACV infection for analysis 

Newly plated and attached cells are more easily infected than cells grown for a day or more. 

Therefore, cells were splitted to an adequate culture dish 3-6 h prior to infection. The cells 

were infected in a minimal volume of medium (e.g. 600 µl for a 6 well) with an MOI 

(multiplicity of infection: number of PFU/cell) of 2-4 of VACV and incubated at RT for 15-30 

min. Medium was added and the infected cells were incubated in a humidified atmosphere at 

37°C 6-16h depending on the cell type and analytical method to be used. The p7.5k 

promoter that drives the expression of inserted genes in rVACV results in a clearly detectable 

gene expression already 5-6 hpi. Often co-infection with 2 viruses was performed, in these 

cases the cells were infected with a pfu per cell of 3-6 with each virus. 

5.3.16 Mouse Cytomegalovirus Stock preparation 

MCMV was propagated on MEF cells passage 2 or 3. For a stock preparation, a pre-stock of 

one T175 flask of almost 80% confluence was infected for almost 5 days. Afterwards, 20 

T175 flasks with MEF passage 3 were infected with the supernatant of the pre-stock. After 

appearance of CPE and that the cells started to detach (approx. 7-9 days), the supernatant 

was collected in 500 ml centrifuge containers and centrifuged at 5.000g (6.000 rpm, J2-21, 

Beckman) for 10 minutes at 15°C in order to pellet the cell debris. Afterwards, the 

supernatant was collected in 250 ml centrifuge containers and centrifuged 3 hours at 20.000 

g (13.000 rpm, J2-21, Beckman) at 15°C in order to pellet the virus. The virus pellet was 
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incubated overnight at 4°C in 10ml D-MEM. The virus pellet was resuspended in the 10 ml D-

MEM and homogenized with a Douncer (Wheaton). The virus suspension was pipetted 

carefully over a saccharose (15% Saccharose/ VSB sorbitol) cushion and centrifuged 1 hour 

at 60.000 g (20.000 rpm, OptimaL-70K, Beckman) at 10°C. After the ultracentrifugation, the 

supernantant was discarded and 2-3 ml of PBS were added to the pellet. The PBS was left 

overnight at 4°C to allow a better resuspension of the pellet. The pellet was resuspended and 

homogenized with a Douncer. Aliquots of 30-50 µl were made and frozen at -80°C. 

5.3.17 Mouse Cytomegalovirus titration 

MEF passage 3 were platted in a 48-well format. The cells should be 80-85% confluent. The 

virus stock was pre-diluted 1/100 and then 1/10 steps dilutions were added to the cells. 

Dilutions between 10-2 and ending with 10-10 µl stock/ml medium were used. The plate was 

centrifuged for enhancement of infection at 2.000 rpm for 15 minutes at 28°C, and then the 

plate was turned around and centrifuged once again. After incubation for 2 hours at 37°C in 

5% C02 atmosphere, the medium was aspirated and a semi solid medium with 

methylcellulose was added. After 3 to 4 days the plaques can be counted. The titer will be 

given as pfu (plaque forming units) /ml.  

5.3.18 MCMV infection for analysis 

MEF passage 2 or 3 were splitted to an adequate culture dish one day prior to infection. The 

cells were infected in an adequate volume of medium (e.g. 100 µl for a well in a 96-well 

plate) with an MOI (multiplicity of infection: number of PFU/cell) of 2-4 of MCMV. 

Enhancement of infection was usually done by centrifugation at 2.000 rpm for 15 minutes at 

28°C, and then the plate was turned around and centrifuged once again. After incubation for 

48 hours at 37°C in 5% C02 atmosphere the different assays (e.g. Lysates, BWFcγR-ζ 

assay, etc.) were performed. 
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5.3.19 HCMV and MV plaque reduction neutralization (PRNT)  

The work of the neutralization of MV was done at the Robert Koch Institute, Berlin. Briefly, 

the different human sera were diluted in minimal essential medium (MEM) alpha medium 

(Invitrogen) supplemented with 5 % fetal calf serum (FCS). Mixtures of MV and sera were 

prepared by adding a serum dilution to an equal volume of an MV suspension containing 40–

60 pfu in 100 µl and incubated for 60 min at 37°C. Aliquots (100 µl) of these mixtures were 

transferred into cell-culture wells with a confluent monolayer of signalling lymphocytic 

activation molecule (SLAM)-transduced CHO cells and incubated at 37°C for 60 min. The 

inoculum was removed and the monolayers were covered with an overlay containing 0.5 % 

carboxymethylcellulose and 3% FCS and incubated for 3 days. The monolayers were stained 

with crystal violet and fixed with 3.5 % formalin. Plaques were counted visually. For a given 

MV/mAb pair, each test was performed in three replicate cultures and repeated at least twice. 

The plaque number of a given virus in the absence of antibody was determined in each 

experiment. The amount of IgG per well that resulted in 50% reduction of the plaque number 

was calculated (Santibanez et al., 2002).  

 

The neutralization of HCMV was done as follows: The different human sera were diluted in 

minimal essential medium (MEM) supplemented with 10 % fetal calf serum (FCS). Mixtures of 

HCMV and sera were prepared by adding a serum dilution to an equal volume of an HCMV 

suspension containing 40–60 pfu in 100 µl and incubated for 60 min at 37 °C. 100 µl of these 

mixtures were transferred into a 96 well cell-culture plate with a 90% confluent monolayer of 

MRC-5 cells.  The plate was centrifuged for enhancement of infection at 800 g (2.000 rpm) 

for 15 minutes at 28°C, and then the plate was turned around and centrifuged once again. 

After incubation for 72 hours at 37°C in 5%C02 atmosphere, the supernatant was aspirated 

and pre-cooled methanol was added in order to fix and permeabilize the cells. The methanol 

was discarded after at least 2 hours incubation at -20°C, the plate was dried and a micro-

titration method was performed. In this method the cells are incubated for 1-2 hours at room 
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temperature with an antibody CCH2 directed against an early antigen of HCMV diluted in 1% 

Skimmed milk/PBS, washed, incubated once again with goat anti mouse IgG-POD for 30 

minutes at room temperature, washed for getting rid of unbound antibodies, then a substrate 

reaction is performed with AEC (3-Amino-9-ethyl-carbazol) as a precipitable substrate and 

the reaction is stopped after observation of brown cells, which depict infected cells. Brown 

cells are counted and virus amount is given as infectious units/ml of virus stock. The plaque 

number of HCMV in the absence of antibody was determined in each experiment and set to 

be the 100% virus. The dilution of IgG (sera) that resulted in 50% reduction of the plaque 

number was calculated.  

5.3.20 Production of MCMV Latent serum 

BALB/c- or C57BL/6- mice were infected intraperitoneal with wt-MCMV (2x106 pfu/ Maus). 6 

weeks after infection, blood was collected from heart punction of each mouse and serum was 

separated. The serum of each mouse was pooled into a general MCMV positive serum pool. 

A control group of non-infected mice was used as a source of non-immune serum pool.  

5.4 Immunological/Protein Methods 

5.4.1 Generation of protein lysates for expression control western blots 

For the generation of protein lysates for detection of non-phosphorylated proteins, the lysis 

buffer of the Luciferase Reporter Gene Assay high sensitivity Kit (Roche) was used. For this 

purpose, the cells were scraped, pelleted and washed two times with cold PBS. Afterwards, 

they were resuspended in lysis buffer in a ratio of 106 cells in approximately 50 µl and frozen 

at -20°C. After thawing and prior to the utilization of the lysates, they were centrifuged 2 

minutes at 16.000 g (13.000 rpm, 5415D, Eppendorf). The supernatant was collected and 

used for further western blot analyses. 
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5.4.2 Generation of protein lysates for determination of phosphorylated 
proteins or for the bipolar bridging proofing 

For the generation of protein lysates for maintaining phosphorylation or native protein 

conformation (for example for determination of phosphorylation after BWFcγR-ζ activation or 

for identification of the heterotrimer involved in the bipolar bridging hypothesis), the following 

protocol was used: depending on the cell type, 106-107 cells per sample were scraped, 

pelleted and washed two times with cold PBS.  Everything was done on ice. The cell pellet 

was resuspended in 600 µl of Native Lysis buffer; pH 7.4 (see Materials) prepared freshly 

prior to use.  A 30 minutes incubation at 4°C in an overhead tumbler followed. A 

centrifugation step for 30 minutes at 4°C at 13.000 rpm (5415D, Eppendorf) was done. The 

supernatant was collected in an aliquot of 30 µl as lysate control which was frozen 

immediately at -20°C and the rest of the supernatant was used in the respective 

immunoprecipitation protocol (for CD16-ζ or for the vFcγRs) (see below).  

5.4.3 SDS-PAGE (Polyacrylamide –Gel electrophoresis) 

For the reducing SDS-PAGE the Minigel Twin system of Biometra was used. Depending of 

the size of the proteins to be detected, a different percentage of acrylamide for the resolving 

gel was poured (Table 5.1). The separation of the proteins was carried out at 20 mA per Gel 

during 1-1.5 h. Before the samples were loaded to the SDS-PAGE, they were boiled for 5 

minutes at 95°C in 5X SDS sample buffer.  
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Table 5.1: Components of the SDS-PAGE Gel 

Resolving gel Stacking gel 
 

8% 10% 12% 5% 

30% Acrylamide 3,2 ml 4 ml 4,8 ml 1,5 ml 

2 M Tris-HCl (pH 8.8) 2,5 ml  

0.5 M Tris-HCl (pH 6.8) 1,2 ml 

60% Saccharose 

 

 2,1 ml 

20% SDS 60 µl 45 µl 

H2O 6,1 ml 5,3 ml 4,5 ml 4,2 ml 

TEMED 24 µl 12 µl 

10% APS 144 µl 120 µl 

5.4.4 Western blot 

For the detection of the proteins which were separated in the SDS-PAGE, specific antibodies 

(see materials) were used in western blot analysis. The proteins were transferred onto a 

nitrocellulose membrane using the Semidry Blotting equipment (Biometra). The blotting set-

up was as follows: anode, 3x 3mm-Whatman-Paper, nitrocellulose membrane, gel, 3x 3mm-

Whatman-Paper, cathode. The transfer of proteins was done for 1 hour at 16V. After the 

transfer of the proteins, a Ponceau red staining of the membrane was done. This staining is 

reversible and in the blots for detecting phosphorylated proteins was avoided. For blocking, 

the membrane was incubated with 5% skimmed milk powder/TBST for at least 30 minutes. 

The incubation with the primary antibody was carried out overnight at 4°C. The incubation of 

the secondary antibody coupled with POD was carried out for 30 minutes at room 

temperature in 0.5% skimmed milk powder/TBST. After washing at least 3 times with TBST 

for 10 minutes each (for control blots) or 3 times washing with H2O, 5 minutes TBST, 5 times 

with H2O (for the Phospho-Blots or bipolar bridging blots), the membrane was detected using 
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the ECL Plus Western Blotting Detection Systems (Amersham) and BioMax MR Films 

(Kodak).  

5.4.5 Immunoprecipitation (IP) 

For the detection of phosphorylated proteins associated to the CD3-ζ chain in the BWFcγR-

ζ cells or for the elucidation of the heterotrimer involved in the bipolar bridging hypothesis, 

immunoprecipitation was performed. The lysates were generated (see Generation of protein 

lysates for determination of phosphorylated proteins or for the bipolar bridging proofing) 

using a special buffer which maintains the proteins phsphorylated and in a native 

conformation. The lysates were further processed for the IP as follows:  the lysates were 

incubated with a dilution of the specific antibody (anti human CD16) or with 6 µl of the anti 

Flag agarose overnight in an overhead tumbler at 4°C. In the case of the anti CD16 IP, 30 µl 

of Protein A- Sepharose (previously washed 3 times with the native lysis buffer and 

resuspended 1:1 in the same buffer) were added after the given incubation period. 

Incubation with the protein A sepharose was during 1 hour at 4°C in the overhead tumbler. 

For the bipolar bridging anti-Flag IP, 30 µl of Sephadex G10 (previously washed 3 times with 

the native lysis buffer and resuspended 1:1 in the same buffer) were added in order to 

facilitate washing procedures and centrifugation. Afterwards, a centrifugation step of 30 sec 

at 16.000 g (13.000 rpm, 5417R, Eppendorf) was done. The Sepharose pellet was washed 4 

times with 1 ml of the same native lysis buffer. Between the washing steps, the sepharose 

was precipitated by centrifugation for 20 sec at 13.000 rpm. After the last step of washing, as 

much as possible of the buffer was removed from the sepharose pellet. The dry pellet was 

resuspended in 30 µl of 5x SB (WB) and incubated for 5 min at 95° C. The samples were 

cooled on ice and then centrifuged for 1 min at 13.000 rpm. The samples were loaded to 

SDS-polyacrylamide mini gels for further analysis. 
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5.4.6 FACS 

FACS (fluorescence activated cell sorting) was performed for analysis of cell membrane 

protein expression or for intracellular staining of proteins. The principle of the FACS method 

is specific staining of proteins in/on intact cells through a specific antibody which bears a 

fluorescent dye or a secondary antibody marked with one. A laser light excites the dye which 

emits a color of light that is detected by a photomultiplier tube, or light detector. By collecting 

the information from the light (scatter and fluorescence) a computer determines which cells 

are marked and of interest.  

 

Cells grown on 6-well plates (1x106 cells enough for 2-3 samples) were washed with PBS 

and resuspended with 2mM EDTA. Cells in suspension were centrifuged directly. The cells 

were removed to a 15 ml tube. By centrifugation at 1.200 rpm for 5 min at 4° C the cells were 

pelleted and then resuspended in an appropriate volume of FACS buffer (100 µl/ Sample to 

be analyzed). The cells were added into different wells of a 96 Well V-bottom plate. For 

extracellular FACS, the cells were directly incubated with the primary antibody in a proper 

dilution or with the direct-labeled antibody for 30 minutes on ice. The plate was centrifuged at 

1.400 rpm for 3 min at 4°C. The supernatant was casted away and the cells were washed 2 

times with FACS buffer. An incubation period of 30 minutes on ice in the dark (because 

labeled antibodies are sensitive to the light) was done with the secondary antibody when 

needed. The plate was centrifuged at 1.400 rpm for 3 min at 4°C. The supernatant was 

casted away and the cells were washed 2 times with FACS buffer. The cells were finally 

resuspended in 100 µl FACS buffer and transferred to a FACS measurement tube which 

contained 200 µl of FACS buffer plus 3 µl of Propidium Iodide. Propidium iodide (PI) 

intercalates into double-stranded nucleic acids. It is excluded by viable cells but can 

penetrate cell membranes of dying or dead cells. The cells were now ready for reading. 

10.000 cells per sample were read. 
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After 4 weeks of selection, correct expression of the chimeric FcγR-ζ was assayed by 

extracellular FACS (Excalibur or FACSCantoII, Becton Dickinson, California, USA). The 

antibodies used for staining were mouse anti-human CD16-FITC (Miltenyi Biotec GmbH, 

Bergisch Gladbach, Germany), mouse anti-human CD32-FITC (BD PharmigenTM, 

Erembodegem, Belgium), mouse anti-human CD64 (BD PharmigenTM, Erembodegem, 

Belgium), rat anti-mouse CD16/CD32 (BioLegend, Inc, San Diego, California), goat anti-rat 

IgG-FITC (Sigma-Aldrich, Germany) and murine Fc-FITC (Rockland Immunochemicals, PA. 

USA). 

For intracellular FACS, a fixation step with 3% PFA in PBS at room temperature for 10 

minutes and a permeabilization step with FACS Buffer 0.3% (v/v) Saponin on ice for 5 

minutes were performed before the staining of proteins. The protocol for the intracellular 

FACS differs of the extracellular protocol in that every step of washing and incubation, the 

FACS Buffer contains 0.3% Saponin. Also, no propidium iodide staining was done.  

5.5 Novel Assay System for the Detection and Quantification of 
Virus-specific IgG Antibodies Triggering FcγReceptors 
(BWFcγR-ζ Assay) 

To quantify antiviral IgG antibodies able to trigger a specific FcγR,  target cells were infected 

with 1-3 pfu per cell of each virus. Target cells were seeded normally in 96-Well culture 

plates one day prior to infection. One replication cycle for each specific virus was awaited. 

Afterwards, mock and virus-infected cells were incubated with two fold dilutions of sera for 

measuring polyclonal responses or with monoclonal antibodies in complete D-MEM for 30 

minutes at 37°C in an atmosphere of 5% CO2. All tests were performed in triplicates (n=3). 

Cells were washed three times with complete medium to remove unbound IgG before 

cocultivation with BWFcγR-ζ transfectants for 16 hours. In standard experiments, the effector 

(BWFcγR-ζ transfectant) to target (virus-infected cell) E:T ratio was 20:1. After cocultivation 

for 16 hours at 37°C in a 5% CO2 atmosphere, supernatants were diluted 1:2 in ELISA 
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sample buffer (PBS with 10% FCS and 0.1% Tween20) and the secreted murine IL-2 was 

measured in the mIL-2 ELISA (see below).  

 

When applied to suspension cells, the BWFcγR-ζ assay was performed in V-bottom cell 

culture wells. The suspension cells (e.g. B95-8 for EBV experiments) were added to the 

different dilutions of sera in D-MEM. Incubation of cells for 30 minutes at 37°C in an 

atmosphere of 5% CO2 was followed by three steps of washing, which included 

centrifugation of cells at 600 g for 5 minutes in complete medium, to remove unbound IgG. 

After washing the target cells, the BWFcγR-ζ transfectants were added. After cocultivation for 

16 hours at 37°C in a 5% CO2 atmosphere, supernatants were diluted 1:2 in ELISA sample 

buffer (PBS with 10% FCS and 0.1% Tween20) and the secreted murine IL-2 was measured 

in the mIL-2 ELISA (see below).  

 

When applied to VACV infected cells, a previous step of fixation with 3% PFA during 10 

minutes at room temperature and 2 steps of washing with PBS were performed before 

cocultivating with the two steps dilution of sera or monoclonal antibodies in D-MEM. 

 

To asses if the order of adding the components of the assay is important, a “reverse assay” 

was also established. The BWFcγR-ζ transfectants were first incubated with the different 

dilutions of the antibody. Incubation of transfectants for 30 minutes at 37°C in an atmosphere 

of 5% CO2 was followed by three steps of washing, which included centrifugation at 600g for 

5 minutes in complete medium to remove unbound IgG. Afterwards, the BWFcγR-ζ 

transfectants (presumably coated with bound IgG to the FcγRs) were added to the target 

cells. After cocultivation for 16 hours at 37°C in a 5% CO2 atmosphere, supernatants were 

diluted 1:2 in ELISA sample buffer (PBS with 10% FCS and 0.1% Tween20) and the 

secreted murine IL-2 was measured in the mIL-2 ELISA (see below).  



  

 163

5.5.1 Interleukin-2 (IL-2) ELISA 

Secreted IL-2 upon activation of BW transfectants was measured in an ELISA using the 

capture antibody JES6-1A12 and the biotinylated detection antibody JES6-5H4 (BD 

PharmigenTM, Erembodegem, Belgium). The detection limit was ∼ 3 pg/ml of IL-2. The 

capture antibody was diluted in ELISA binding buffer at a 1 μg/ml concentration and 50 

μl/well were added to the ELISA plate. The  ELISA  plate (Maxisorp, NUNC) was sealed to 

prevent evaporation and incubated overnight at 4°C or 3 hours at 37°C. The plate was 

equilibrated at room temperature and blocked with 100 µl/well of ELISA blocking buffer for at 

least 1 hour at room temperature. The ELISA plate was washed 3 times with 100 µl/well of 

PBS/Tween. The samples were diluted 1:1 v/v in blocking buffer/tween and incubated for 15 

minutes at room temperature in order to allow a complete lysis of cells. The samples and 

mIL-2 standards (pre-diluted in Blocking buffer/Tween 1:1) were added at 100 µl per well. 

Generally, the samples and standards were incubated on the ELISA plate overnight at 4°C. 

The plate was washed 3 times with PBS/Tween and the Detection Antibody diluted to 1 

µg/ml in Blocking buffer/Tween was added for 1-2 hours incubation at room temperature. 50 

µl to each well was added. The plate was washed 3 times with PBS/Tween and the 

Streptavidin-Peroxidase diluted 1:1.000 in Blocking buffer/Tween 50 µl per well was added. 

The plate was incubated 30 minutes (and not longer!) at RT and then washed 4 times with 

PBS/Tween. The substrate TMB was previously dissolved as follows: 1 TMB tablet was 

dissolved in 1ml DMSO and then 9 ml of 0.05 M phosphate-citrate buffer was added and 

vortexed. This amount is sufficient for 2 96-well plates. Shortly before adding the substrate to 

the ELISA plate, 10 µl of 30% H2O2 per 10 ml of TMB solution were added and the solution 

was rapidly and shortly vortexed. As quickly as possible 50 µl per well of the substrate 

solution were added and let between 2-4 minutes to develop. A blue color should appear. 

The reaction was stopped in the same order that the substrate solution was added, giving 50 

µl H2SO4 1M per well. A yellow color should appear. The plate was read at OD 450 nm, 
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reference wavelength: 630 nm. A mIL-2 calibration curve with the standards was done and 

the respective concentration of mIL-2 in pg/ml of the samples was calculated. 

5.5.2 Crosslinking experiments for determining responsiveness of the 
newly established FcγR-ζ transfectants 

To assess maximal levels of IL-2 release, FcγR crosslinking experiments were performed 

with the newly established BW transfectants. Briefly, goat anti mouse IgG (Dianova, 

Germany) or goat anti rat IgG (Dianova, Germany) were coated in 96-well cell culture plates 

at a concentration of 1 µg/ml in binding buffer (0.1 M Na2HPO4 pH 9.0). After blocking and 

washing, mouse mAb specific for human CD16-A/B (Santa Cruz Biotechnology, USA), 

human CD32 (Santa Cruz Biotechnology, USA), human CD64 (Ancell Corporation, USA) and 

rat anti-mouse CD16/CD32 (BioLegend, Inc, San Diego, California) were added. As a 

negative control, mAb anti-human CD99 was used. After removal of unbound antibodies, the 

BWFcγR-ζ transfectants were added at a concentration of 200.000 cells per well. Mouse IL-2 

measurement was performed after 16 hours of incubation at 37°C with 5% CO2 with the 

ELISA. 

5.5.3 Fab Fragments preparation from human IgG 

To asses the necessity of an intact IgG for mIL-2 release through the BW transfectants, 

Cytotect® IgG was cleaved into Fab Fragments and Fc Fragments using a PIERCE 

(Rockford, IL USA) ImmunoPure® Fab Preparation Kit following manufacturer’s instructions. 

A BW FcγR-ζ transfectant activation assay against HSV-1 was performed afterwards. 

5.5.4 Virus specific IgG and IgM ELISA 

For the detection of total amount of virus-specific IgG and IgM, approved ELISA test systems 

from Dade Behring (batch no. 36074 for HSV, batch no. 36468 for HCMV IgG, batch no. 

36294 for MV IgG, batch no. 36364 for MV IgM , batch no. 36331 for EBV) and from 
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Novagnost TM (batch no. RSV-G022 for RSV) were used.  The determination of the IgG or 

IgM titer was performed after the manufacturer’s instructions. The virus specific IgG and IgM 

ELISAs were done in collaboration with the diagnostic of the Institute of Virology, Düsseldorf. 

5.5.5 Validation of the newly established assay for measuring antibodies 
that trigger the host FcγRs 

To determine specificity, sensitivity, negative and positive predictive values and test 

efficiency of the BWCD16-ζ the BWCD32-ζ and the BWCD64-ζ assay, sera from 38 donors 

of unknown MV-serostatus were tested in a IgG- and a IgM- MV-specific ELISA (Enzygnost, 

Dade Behring, see supplementary table 1), in a MV plaque reduction neutralization assay 

and the BWFcγR-ζ activation assays. A Set of 46 healthy donors of unknown HCMV 

serostatus was used for the validation of the BWCD16-ζ, the BWCD32-ζ and the BWCD64-ζ 

assays for the detection of HCMV-specific IgG. These sera were tested additionally in a 

HCMV IgG ELISA (Enzygnost, Dade Behring) and in plaque reduction neutralization (PRNT) 

assay using HCMV AD169.  

The CMV-IgG titers and the MV-IgG titers determined for the Enzygnost ELISA were 

according to the manufacturer’s instructions and cutoffs of every specific batch. The specific 

anti HCMV titer and anti MV titer given to each sample in the case of the PRNT assay was 

the given serum dilution for the 50% neutralization. This means, the amount of antibody 

required for the inhibition of infection of the 50% of the virus particles after incubation of a 

fixed amount of virus with decreasing serum dilutions. Positive values in the BWFcγR-ζ 

assay were defined as the serum dilution needed to reach the cutoff value. This cutoff value 

results from the activation of the BW transfectants upon cocultivation with infected cells and 

sera of 15 seronegative donors. To the mean value of mIL-2 (mouse Interleukin-2) released 

by these 15 seronegative donors, 3 standard deviations were added and this value of mIL-2 

released was defined as the cutoff. (Supplementary tables 1 and 2). 
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5.5.6 Statistical Analysis for the novel FcγR-ζ Assay  

To assess the diagnostic value of the BWFcγR-ζ assays the sensitivity, specificity, positive 

and negative predictive values and overall efficiency were determined. The sensitivity of the 

BWFcγR-ζ assay was defined as the percentage of all sera which have a positive tests result 

comparing it to the true positive results defined in the Dade Behring IgG ELISA. The 

specificity was defined as the percentage of all sera which have a negative test compared to 

the true negative result defined in the Dade Behring IgG ELISA. The efficiency of the test is 

the percentage of the times that the test gave the correct answer compared to the total 

number of tests performed. The predictive value of the test was the measure (%) of the times 

that the value (positive or negative) is the true value, i.e. the percent of all positive tests that 

are true positives in the Dade Behring IgG ELISA is the Positive Predictive Value and the 

percent of all negative tests that are true negatives in the Dade Behring IgG ELISA is the 

Negative Predictive Value (Leisenring et al., 2000; Chu, 1999). 

The sensitivity of the assay was analyzed with the formula (a/(a+b))*100, the specificity was 

defined as (d/(c+d))*100, the positive predictive value as (a/(a+c))*100, the negative 

predicitve value as (d/(b+d)) and finally, the test efficiency was given to the value of 

((a+d)/(a+d+c+b))*100. The definition of a is the true positive results of the assay, b is the 

false negative results of the assay, c is the false positive results of the assay and d is the true 

negative results of the assay comparing the results obtained in the BWFcγR-ζ, PRNT, 

LIAISON with the results obtained in the IgG Dade Behring ELISA.  

 

To compare the individual assays for measuring antiviral IgG directly with each other, the 

results of each test were calculated as percentage of maximal activation. In this percentage 

of maximal activation, the sample which contained the highest amount of reactive antibodies 

was assigned with the 100%. Samples with fewer antibodies were assigned with a 

decreasing percentage until reaching 0%, which were the negative samples. The percentage 
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of the samples for the IgG ELISA was used to order accordingly the results obtained for the 

other IgG assays.  

5.6 Working with human NK cells 

5.6.1 Isolation and culture of PBMCs  

PBMCs were isolated from blood using Lymphoprep™. Fresh anti-coagulated blood with 

EDTA from healthy donors or Buffy coats from the Blood Bank, Uniklinikum Düsseldorf, were 

diluted 1:1 in cold sterile RPMI supplemented with 1%PS. 50 ml Falcons were prepared with 

15 ml of LymphoprepTM. The diluted blood (approx. 35 ml/Falcon) was layered carefully on 

top of the LymphoprepTM. A centrifugation step with the brakes off of the centrifuge during 30 

minutes at 800 g at 20°C was done. The upper layer (serum) was carefully discarded and the 

ring of lymphocytes was carefully collected and transferred to a new 50 ml Falcons. Cold 

sterile RPMI was added and the cells were pelleted by centrifugation at 1.500 rpm at room 

temperature for 10 minutes in order to get rid of the Lymphoprep solution. The lymphocytes 

of each donor were resuspended in cold sterile RPMI supplemented with 1 % PS and 10% 

FCS and pooled in a new 50 ml falcon. A 10 minutes centrifugation at 800 rpm at room 

temperature followed in order to get rid of platelets. The supernatant was carefully and 

completely decanted and the pellet was resuspended in pre-warmed RPMI supplemented 

with 1% PS, 1% Sodium Pyruvate and 10% FCS. The cells were added to a cell flask or a 

cell culture plate and incubated at 37°C in 5% CO2 for 3 hours. This incubation is needed in 

order to allow monocytes and macrophages to adhere to the plastic surface of the culture 

flask and get rid of them. Afterwards, the cells in suspension (NK, T and B cells mainly) are 

collected, counted and further processed by MACS separation for untouched NK cells. 
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5.6.2 CD107a  NK cells degranulation assay 

NK cells contain high concentrations of preformed cytolytic granules in their cytoplasm as 

they circulate in the periphery (Cooper et al., 2001b). These lytic vesicles contain cytolytic 

proteins such as perforin and granzyme designed to induce death in target cells upon 

release (Cooper et al., 2001a; Burkhardt et al., 1989; Tschopp and Nabholz, 1990). 

Subsequent to activation, following the integration of complex signals from both activating 

and inhibitory receptors on the surface of these cells, NK cells rapidly release these granules 

at the immunological synapse inducing death of the target cell (Moretta et al., 2002; 

Cerwenka and Lanier, 2001). Lining the membrane of these cytolytic granules is the 

lysosomal-associated membrane protein-1 (LAMP-1 or CD107a) (Winchester, 2001). 

CD107a expression on the cell surface has been described as a marker of cytotoxic CD8+ T-

cell degranulation and was shown to be strongly upregulated on the cell surface following 

stimulation in concordance with a loss of perforin (Betts et al., 2003). Given the strong 

cytotoxic capacity of NK cells, the potential role of CD107a as a marker of NK cell activation 

and function was investigated by G. Alter, et al (Alter et al., 2004a). They demonstrate that 

CD107a is significantly upregulated on the surface of NK cells following stimulation with MHC 

devoided target cells and following phorbol-12-myristate-13 acetate/ionomycin (PMA) 

stimulation. Therefore, this marker was shown to correlate strongly with both cytokine 

secretion and NK cell-mediated lysis of target cells. 

Polyclonal NK cells were obtained from PBMCs after LymphoprepTM (Axis-Shield, Oslo, 

Norway) differential centrifugation (see above) of healthy donors using a MACS NK cell 

isolation kit (Miltenyi Biotec, Germany) following manufacturer’s instructions. Afterwards, NK 

cells were preactivated overnight with 100 IU/ml of recombinant human IL-2 (PromoKine, 

PromoCell, Heidelberg, Germany). As a positive control for measuring degranulation, CD16 

was crosslinked. Goat anti-mouse F(ab’)2 fragment (Sigma-Aldrich, Missouri, USA) was 

coated at 10 µg/ml on a plastic plate and incubated overnight at 4°C. After washing, mouse 
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anti-human CD16 (BD PharmigenTM, Erembodegem, Belgium) was added in different 

concentrations. After 30 minutes of incubation at 37°C, the plate was washed. For measuring 

degranulation by cocultivation of immune IgG and a viral target, HCMV infected fibroblasts 

were opsonized with a sera of a healthy donor positive for HCMV. As a control, the same 

dilutions of sera with a healthy seronegative donor were also analyzed. Opsonization was 

done at 37°C for 30 minutes at 5% C02. Two steps of washing with D-MEM followed to 

remove unbound IgG. 100.000 polyclonal NK cells (E:T ratio of 10-20:1) were added in each 

well and the CD107a assay was performed. 

For the CD107a degranulation assay, polyclonal human NK cells were incubated 4 hr at 

37°C in the presence of Golgi Stop (Monensin, BDPharmingen) at a concentration of 6 µg/ml, 

10 µg/ml of Golgi Plug (BrefeldinA, BD Pharmingen), CD107-Cy5 mAb (3 µl/Sample), and 

the respective stimuli (anti CD16 or immune complex viral antigen-IgG). Cells were then 

washed in cold PBS 2mMEDTA and stained for extracellular markers. Usually, the cells were 

stained with anti CD16-PE, anti CD56-PE and anti CD3-FITC. 10.000 cells gated on 

lymphocytes were counted and analyzed.  

 

While brefeldin A prevents the exocytosis of cytokine containing vesicles allowing for the 

visualization of cytokine production following stimulation, monensin prevents the acidification 

of endocytic vesicles avoiding the degradation of reinternalized CD107a proteins from the 

surface and allowing for the visualization of this marker following stimulation. 
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Supplementary Table 1: IgG Titers and units (Enzygnost) for the 39 different sera tested for
specific MV IgG. Positive values were considered >300 for ELISA, >12,5 for BWCD16-ζ, >34 for
BWCD32-ζ and >0,3 for BWCD64-ζ. Neutralization Titers are the serum dilution needed to obtain
50% neutralization.
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Supplementary Table 1(Continued): IgG Titers and units (Enzygnost) for the 39 different sera
tested for specific MV IgG. Positive values were considered >300 for ELISA, >12,5 for BWCD16-ζ, 
>34 for BWCD32-ζ and >0,3 for BWCD64-ζ. Neutralization Titers are the serum dilution needed to 
obtain 50% neutralization.
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18000,0164,2513,5534,3532,017

5600,00,017,8180,2282,516

6800,0414,4123,4127,2216,315

11000,039,527,2189,5214,314

6300,08,08,064,5267,313

2600,0196,022,0122,47,312

8300,08,0512,0443,029,311

1800,0169,1144,0119,618,910

>20000117,320,3173,6295,89

11000,0410,2394,2435,3116,38

>20000112,116,889,373,07

630,08,00,00,00,06

>20000648,9544,7606,2485,35

>20000488,1539,8515,9754,1Cytotect

<2300,00,022,00,03

<2300,055,00,00,02

<2308,055,88,00,01

Enzygnost
(mIU/mL)

BW
CD64-ζ

BW
CD32-ζ

BW
CD16-ζ

NT 
(50%)Sample  

Supplementary Table 2: IgG Titers (Enzygnost) for the 48 different sera tested for specific
HCMV IgG. Positive values were considered as  >230 for ELISA, >14,6 for BWCD16-ζ, >20,2 for
BWCD32-ζ and >5,6 for BWCD64-ζ. Neutralization Titers are the serum dilution needed to obtain
50% neutralization.  
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<2300,00,00,00,047

<2300,00,00,00,046

<2300,00,00,00,045

<2300,00,00,00,044

<2308,50,00,00,043

<23010,20,00,00,042

<2300,00,09,50,041

<2300,00,00,00,040

<2300,00,00,00,039

<2300,00,00,00,038

<2300,00,00,00,037

<2300,00,00,00,036

<2309,60,00,00,035

<2300,00,00,00,034

<2300,00,00,00,033

<2300,00,010,00,032

<2300,00,014,00,031

Enzygnost
BW

CD64-ζ
BW

CD32-ζ
BW

CD16-ζ
NT 

(50%)Sample  

Supplementary Table 2 (Continued): IgG Titers (Enzygnost) for the 48 different sera tested
for specific HCMV IgG. Positive values were considered as >230 for ELISA, >14,6 for
BWCD16-ζ, >20,2 for BWCD32-ζ and >5,6 for BWCD64-ζ. Neutralization Titers are the serum
dilution needed to obtain 50% neutralization.
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900024732229342835,6Cytotect

17055,173129,966

32053,524,237,689,160

14013,711,231,53251

25026,739,630,567,250

21028,929,334,76548

10074,643,732,945,546

19014,827,233,735,241

22047,910,938,4131,436

12014,817,933,744,435

15045,122,829,837,133

26024,933,431,340,832

16047,846,630,252,731

4052,527,232,144,228

056,933,634,618,327

21019,217,5352525

3025,814,929,819,624

10028,5108,333,7267,923

18033,1837,0635,4139,921

Enzygnost
(mIU/mL)

BW
CD64-ζ

BW
CD32-ζ

BW
CD16-ζ

NT 
(50%)Sample  

Supplementary Table 3: IgG Titers and units (Enzygnost) for the borderline different sera tested
for specific MV IgG. Borderline values were considered as >150 but < than 300 for ELISA. Positive 
values were considered as >12,9 for BWCD16-ζ, >9,98 for BWCD32-ζ and >8,5 for BWCD64-ζ. 
Neutralization Titers are the serum dilution needed to obtain 50% neutralization.
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