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1. Summary 
 

The Human cytomegalovirus (HCMV) is an important, ubiquitously distributed pathogen 

that causes severe clinical disease in immunocompromised individuals like organ 

transplant recipients or infants infected in utero. The development of antiviral antibodies 

is a major defense mechanism against viruses and contributes to the effective control of a 

HCMV infection. The envelope glycoprotein B (gB) is a major antigen for the induction of 

virus neutralizing antibodies and hence a component in several experimental HCMV 

vaccines currently used in humans. However, interpretation of current vaccine results is 

hampered by significant gaps in our knowledge on neutralizing antibody epitopes on gB. 

This study focused on the humoral immune response directed against antigenic domain 5 

(AD-5) of gB. AD-5 is formed by a continuous sequence comprising residues 133 to 343 of 

HCMV gB strain AD169. According to a 3D model of HCMV gB, AD-5 corresponds to 

structural domain I and contains the two internal fusion loops that are required for the 

fusogenic activity of herpesviral gB. 

This study identified AD-5 as highly immunogenic and an important target for virus 

neutralizing antibodies in human sera following HCMV infection, but as being incapable of 

inducing neutralizing antibodies following immunization of mice. Human monoclonal 

antibodies (mabs) directed against AD-5 had a broad and potent neutralization capacity. 

The anti-AD-5 mabs neutralized independent of target cell type or virus origin, 

complement-independent and as antibody Fab fragments. Furthermore, they prevented 

cell-to-cell spread of virus in epithelial cells and executed their function at a post-

adsorption step. Interestingly, the anti-AD-5 mabs shared a common target site on gB 

despite originating from different HCMV-infected donors. Mutational analysis of 

recombinantly expressed AD-5 (n=33) identified an overlapping, discontinuous epitope 

that consisted of a critical tyrosine residue at position 280 in combination with other 

surface-adjacent residues, in short, the YNND epitope. The YNND epitope is strictly 

conserved among different HCMV strains. Recombinant viruses carrying YNND-mutations 

(n=13) in AD-5 were replication competent but resistant to virus neutralizing mabs. 

Competition analysis using human HCMV-convalescent sera from unselected donors 

confirmed the conserved antibody responses to the YNND epitope in HCMV-infected 

individuals, since a significant fraction of the gB-AD-5 response was found to be directed 

against this epitope. Moreover, AD-5-specific polyclonal antibodies prepared from 

individual human sera revealed that the YNND epitope represented the exclusive target 

for AD-5-directed virus neutralizing activity in some cases. 

Taken together, the data indicated that AD-5 in general and the YNND epitope in 

particular represent important target structures for the anti-gB antibody response as well 

as for the AD-5-specific virus neutralizing activity. The induction of AD-5-specific 

antibodies following vaccination should be a desirable goal for the development of an 

effective anti-HCMV vaccine. Furthermore, antibodies targeting the YNND epitope 

represent powerful tools for passive immunotherapy of HCMV infection.  
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2. Zusammenfassung 
 

Das humane Cytomegalovirus (HCMV) ist ein ubiquitär vorkommendes Pathogen, das in 

immunsupprimierten Individuen wie Transplantationspatienten oder kongenital infizierten 

Neugeborenen zu schwerwiegenden Komplikationen führen kann. Die Entwicklung von 

antiviralen Antikörpern trägt entscheidend zur effizienten Kontrolle einer HCMV Infektion 

bei. Das Glykoprotein B (gB) ist ein wichtiges Antigen für die Induktion von Virus-

neutralisierenden Antikörpern und eine wesentliche Komponente von verschiedenen, 

experimentellen HCMV Vakzinen im Menschen. Die Bewertung bisheriger Vakzinierungs-

studien gestaltet sich jedoch schwierig, da wenig über Zielstrukturen für neutralisierende 

Antikörper auf gB bekannt ist. 

Die vorliegende Arbeit befasst sich mit der humoralen Immunantwort gegen die antigene 

Domäne 5 (AD-5) von gB. AD-5 wird aus den Aminosäuren (AS) 133 bis 343 von HCMV gB 

Stamm AD169 gebildet. Gemäß eines 3D Modells von HCMV gB entspricht AD-5 der 

strukturellen Domäne I und enthält zwei hydrophobe „Fusion Loops“, welche für die 

Fusionsaktivität von herpesviralem gB essentiell sind. 

Zunächst wurde AD-5 als hoch immunogen und als wichtige Zielstruktur von neutrali-

sierenden Antikörpern nach HCMV Infektion identifiziert. Drei humane monoklonale 

Antikörper (mabs), die gegen AD-5 gerichtet sind, neutralisierten unterschiedliche Virus-

stämme auf verschiedenen Zelltypen in nanomolaren Konzentrationen. Des Weiteren 

neutralisierten die anti-AD-5 mabs Komplement-unabhängig und als Fab-Fragmente. 

Ebenso verhinderten sie die Ausbreitung der Infektion von Zelle zu Zelle in Epithelzellen 

und inhibierten einen Prozess der Infektion nach der Bindung des Viruspartikels an die 

Zielzelle. Interessanterweise teilten die anti-AD-5 mabs die gleiche Zielstruktur auf gB, 

obwohl sie von verschiedenen HCMV-positiven Spendern stammten. Mutationsanalysen 

mit rekombinant exprimiertem AD-5 (n=33) identifizierten ein überlappendes, diskontinu-

ierliches Epitop, welches aus einem Tyrosin an Position 280 und weiteren, strukturell 

benachbarten AS besteht, kurz das YNND Epitop. Das YNND Epitop ist bei den bekannten 

Virusstämmen konserviert. Konstruierte rekombinante Viren (n=13), die Mutationen in 

den kritischen YNND-Resten trugen, waren replikationskompetent, jedoch resistent gegen 

die Neutralisation durch die anti-AD-5 mabs. Kompetitionsanalysen zufolge war ein 

Großteil der AD-5-Reaktivität von humanen, HCMV-positiven Seren gegen das YNND 

Epitop gerichtet, was eine konservierte Immunantwort gegen diese antigene 

Determinante auf gB bestätigte. Darüber hinaus offenbarten polyklonale AD-5-spezifische 

Antikörper, die aus Einzelseren aufgereinigt wurden, dass für einige Seren das YNND 

Epitop die einzige Zielstruktur für neutralisierende Antikörper in AD-5 war. 

Zusammenfassend konnte gezeigt werden, dass AD-5 und insbesondere das YNND Epitop 

wichtige Zielstrukturen für die humorale Immunantwort und Virus-neutralisierende 

Antikörper sind. Die Bildung von AD-5-spezifischen Antikörpern nach Vakzinierung sollte 

ein erstrebenswertes Ziel bei der Entwicklung einer gB-basierten HCMV Vakzine sein. Des 

Weiteren könnten Antikörper mit YNND-Spezifität vielversprechende Kandidaten für die 

passive Immuntherapie bei HCMV Infektion darstellen.  
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3. Introduction 

3.1  The Human Cytomegalovirus 

The Human cytomegalovirus (HCMV), also designated Human herpesvirus 5 (HHV-5), 

belongs to the family of Herpesviridae (1). HCMV is the prototype of the subfamily of 

β-herpesvirinae, one of three herpesvirus subfamilies (α, β and γ) which are distinguished 

based on sequence homologies, genome structure and biological properties (2, 3). In 

addition to HCMV, there are seven human pathogenic herpesviruses described to date 

which include Herpes simplex virus type 1 and 2 (HSV-1/-2), Varicella-zoster virus (VZV), 

Human herpesvirus-6 and -7 (HHV-6/-7), Epstein-Barr virus (EBV) and the Kaposi's 

sarcoma-associated herpesvirus (KSHV/HHV-8) (1, 2). HCMV has coevolved with humans 

over eons (3) and was first isolated and cultivated in 1956 (4, 5). Like all other 

herpesviruses, HCMV establishes lifelong latency following a primary phase of lytic 

replication. Latency is can be disrupted by intermittent phases of virus secretion (6). 

HCMV is the genetically most complex virus among all human pathogenic viruses (7-9) and 

infection is characterized by strict species specificity and a prolonged replication cycle in 

both, infected organisms and cell culture (10, 11). 

 

3.1.1 Morphology and Replication 

The HCMV genome has a length of 235 kilo basepairs (12) with a coding capacity of over 

230 predicted open reading frames (7-9, 13, 14). All herpesviruses share a pleomorphic 

virion structure (150-200 nm diameter (2)), which is composed of a capsid that consists of 

a double-stranded, linear DNA core surrounded by an icosahedral nucleocapsid (15). The 

capsid is embedded in a proteinaceous matrix, the tegument, which in turn is invested in a 

cell-derived lipid envelope that is spiked with viral glycoproteins (Fig. 3.1) (7, 15, 16). The 

HCMV virion incorporates over 70 different proteins (17) and at least 25 virally encoded 

membrane glycoproteins (g) can be found in the envelope (8, 17, 18). The most abundant 

viral glycoproteins are contained within three major glycoprotein complexes (gC I to III) 

(19) and are required for virus attachment and entry into the host cell (20). The gC I 

complex is formed by homotrimeric glycoprotein B (gB) molecules (21-23) that play an 

essential role during virus fusion with the host cell membrane and in cell-to-cell spread 

(24-26). The gC II, composed of disulfide-linked gM and gN (27, 28), is involved in virus 

attachment and morphogenesis (29-31). The gC III consists of the disulfide-linked gH/gL 

heterodimer which binds either gO, giving rise to the trimeric gH/gL/gO complex, or the 

UL128-131 proteins, defining the pentameric complex gH/gL/UL128-131 (32-36). The 

latter complex determines target cell tropism and is essential for infection of endothelial, 

epithelial and myeloid cells (36-44). However, it is dispensable for infection of fibroblasts 

in which the trimeric gH/gL complex suffices to initiate entry (45). In addition, the gH/gL 

components of the gC III together with gB are necessary for the formation of the core 

fusion machinery which is conserved throughout all herpesviruses (46-50). Due to the 
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exposed position of the viral glycoproteins on the surface of the virus particle, they are 

important targets for the induction of antiviral humoral immune responses (51-53). 
 

 
Fig. 3.1 Structure of a HCMV virion. 

(A) Electron microscope image of an HCMV virion (54). (B) Schematic representation of a HCMV particle. The 
linear, double-stranded viral genome is surrounded by the nucleocapsid which is embedded the tegument. 
Among other proteins, the viral envelope contains G-protein coupled receptors (GPCRs) and viral envelope 
glycoproteins that are assembled into different glycoprotein complexes (gC I to III). Modified from 
D. Streblow, OHSU, Portland, USA. 

 

Productive lytic HCMV-replication in vivo can occur in diverse cell types including 

fibroblasts, epithelial cells, macrophages, smooth muscle and endothelial cells as well as 

differentiated neuronal cells (36, 55-59). As a latent reservoir of HCMV, hematopoietic 

progenitor cells of the myeloid lineage are discussed (60-62). Initial attachment of the 

virus particle is mediated by interaction of viral glycoproteins with ubiquitous 

proteoglycans like heparansulfates (63). In addition, different cellular surface proteins 

have been hypothesized to be engaged as virus receptors, including cellular integrins, 

epidermal growth factor receptor (EGFR) and platelet-derived growth factor receptor-α 

(PDGF-Rα) (64-73). Virus penetration requires interaction of gB with gH/gL (45) and occurs 

either directly at the plasma membrane of fibroblasts (74) or involves macropinocytosis 

and fusion with endosomes in epithelial and endothelial cells (36, 55, 75, 76). Following 

release of the viral capsid and tegument into the cytoplasm, the capsid is rapidly 

transported to the cell nucleus (77, 78), where the viral genome circularizes into an 

extrachromosomal episome. Here, the viral genome can either persist in a latent state or 

lytic viral replication is initiated (79). Gene expression during lytic HCMV replication 

follows a complex and tightly regulated temporal cascade (16, 80-82) and amplification of 

the viral DNA occurs via the rolling circle mechanism (83, 84). Newly synthesized viral DNA 

is assembled into the nucleocapsid in the cell nucleus (85), followed by primary envelop-

ment and nuclear egress via budding at the inner nuclear membrane and release of the 

naked capsids into the cytoplasm (86-88). The capsids are then decorated with tegument 

proteins and undergo secondary envelopment by budding into large membranous 

cytoplasmic inclusions termed the viral ‘assembly compartment’ (89-93), giving rise to the 

infectious particles that are finally released from the cell (89). The entire replication cycle 

of HCMV requires approximately 48 to 72 hours (h) and maximal egress of mature virus 

progeny can be observed around 96 h post infection. 
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3.1.2 Epidemiology, Pathogenesis and Clinical Manifestations of HCMV Infection 

HCMV is a ubiquitous, opportunistic pathogen (94) and its seroprevalence can range from 

50 to 100% in the human population, increasing with age and depending on the socio-

economic standards of a country (95-99). Following primary lytic replication, HCMV 

establishes lifelong latency (100, 101) and an infected individual can experience sporadical 

reactivation of the latent strain with intermittent phases of virus secretion (6). In addition, 

reinfection with a different HCMV strain is possible and occurs frequently (102-104). The 

virus is transmitted through mucosal contact with infected body fluids including saliva, 

urine, semen, cervical secretions and breast milk (105-111) or directly via blood 

transfusion, solid organ or hematopoietic stem cell transplantation (112-115). In addition, 

HCMV infection is the most frequent vertically transmitted infectious disease (116). 

In healthy individuals, primary HCMV infection is relatively benign and generally proceeds 

either inapparent or is accompanied by mild cold-like symptoms (117-120). Under normal 

conditions, the virus is then controlled efficiently by the host immune system. Immuno-

compromised individuals, however, can experience severe and even fatal clinical HCMV 

disease. Acute or reactivated HCMV infection of immunosuppressed persons, like 

transplant recipients, tumor or AIDS patients, often results in life-threatening pathological 

manifestations such as pneumonitis, hepatitis, gastrointestinal ulceration, retinitis, and 

death. (112, 121-124). Due to strong immunosuppression, solid organ transplant or 

hematopoietic stem cell transplant recipients are particularly at risk for HCMV infection or 

reactivation. In this case, the HCMV serostatus of the donor (D) and recipient (R) 

significantly influences the clinical disease outcome (125). For example, in spite of antiviral 

therapy, the incidence of HCMV infection in high-risk constellations (D+/R-) ranges from 20 

to 70% in the first year post transplantation (126-128). Furthermore, HCMV is still a major 

cause for virus-associated birth defects. Congenital infection with HCMV can result in long-

term sequelae including mental retardation, seizures as well as progressive loss of hearing 

and vision (129-133). In developed countries the mother-to-child transmission 

(intrauterine, perinatal, postnatal) affects 0.2 to 2% of all live births (98). Approximately 

10% of newborns infected in utero manifest clinical symptoms at birth. Up to 15% of 

asymptomatic infections nevertheless result in neurodevelopmental disabilities during the 

first 5 years of life, commonly sensorineural hearing loss (124, 134, 135). Pre-existing 

humoral immunity of the mother plays an important role in preventing congenital 

infection of the fetus during pregnancy (136-138). For women infected with HCMV before 

pregnancy, the transmission rate to the fetus upon reactivation of the virus is about 0.5 to 

2% and at least 90% of these congenital-infected infants will develop normally (139). In 

contrast, primary infection of the mother during pregnancy poses the greatest risk for the 

newborn child (131). Primary infection occurs in 1 to 2% of pregnancies (123, 140) and 

results in congenital infection of the infant in 25 to 60% of cases with approximately one-

third of newborns developing severe neurologic impairment or hearing deficits (139-143). 
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3.2  The Immune Response to HCMV 

In the immunocompetent host, HCMV is readily controlled by a multilayered and partially 

redundant immune response including innate and adaptive immune effector functions 

(144). Activation of the innate immune system includes induction of primary interferons, 

activation of professional antigen presenting cells and recruitment and activation of 

natural killer cells (144, 145). The cellular immune response also includes HCMV-specific 

T cells (146). In fact, a substantial part of the cellular immunity is directed towards HCMV, 

since in the healthy host approximately 10% of memory T cells are HCMV-specific (85, 147, 

148) and recognize structural as well as non-structural HCMV proteins (85, 149). Cytotoxic 

T cells (CD8+) as well as CD4+ T cells play a crucial role in eliminating HCMV-infected cells 

and thereby limit virus dissemination and clinical manifestation (150, 151). Furthermore, 

recent data support a role of γδ-T cells in the control of HCMV infection (152-154). 

The humoral immune response mediates substantial protection against HCMV 

transmission and contributes to effective control of infection (52, 155). Following primary 

infection, antibodies against a number of HCMV proteins are detectable in human serum 

including envelope glycoproteins, the major capsid protein UL86, tegument proteins like 

pp65 and pp150 as well as non-structural proteins such as the Immediate Early 1 protein 

(IE1) (156-159). Antiviral antibodies can be neutralizing or non-neutralizing. Non-

neutralizing antibodies specific for viral proteins can induce immunoglobulin Fc receptor-

mediated effector functions, for example antibody-dependent cellular cytotoxicity or 

complement-mediated effects which may result in destruction of infected cells and 

elimination of the virus (160-162). Antibodies directed against envelope glycoproteins play 

a decisive role with regard to neutralization of free virus (52). In particular, binding of viral 

entry mediators can block cell entry and hence neutralize virus infectivity. Most 

neutralizing antibodies are directed against gB, gM/gN or the different gH/gL complexes 

(53, 163-171). Neutralizing antibodies develop with a delay of 50 to 100 days after onset 

of primary infection and the antibody titer inversely correlates with the viral load (172). 

Interestingly, antibodies directed against the UL128-131 protein components of the 

pentameric gH/gL complex can be detected as early as 10 days after primary infection 

(167). In fact, these antibodies are extremely potent but their neutralizing activity is 

limited to endothelial, epithelial and dendritic cells (164, 173-175). Hence, their protective 

capacity in vivo remains to be evaluated. In contrast, anti-gB and anti-gH/gL antibodies 

show potent neutralization in the nanomolar range independent of target cell type (164, 

176, 177). 

Overall, the importance of the humoral immunity is best demonstrated in congenital 

HCMV infection, where pregnant women experiencing primary infection have a 

substantially higher risk of transmitting the virus to the fetus (105, 130) in comparison to 

mothers with preconceptional immunity that are able to provide transplacental IgG 

antibodies (138, 155, 178). Furthermore, different studies showed that antiviral antibodies 

can mediate control of HCMV infection and reduce viral load (141, 179-183). 
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3.3  Therapy and Prophylaxis against HCMV 

Due to the global prevalence of HCMV, prophylaxis of exposition is not easily practicable. 

Effective antiviral chemotherapeutics are available and the commonly applied antiviral 

drugs for the treatment of HCMV disease are nucleoside analogs like ganciclovir and its 

prodrug valganciclovir, or the pyrophosphate analog foscarnet (184-188). Despite 

documented success of antiviral therapy (125, 189-192), the use of currently available 

antiviral drugs is limited due to numerous side effects like nephrotoxicity or hematologic 

toxicity and the emergence of drug-resistant virus mutants (193-198). 

Therefore, prophylactic vaccination has been argued to be the preferred approach for 

prevention of HCMV infection (134, 199, 200). In fact, as a consequence of the importance 

of congenital HCMV infection for public health, the development of a HCMV vaccine has 

been given highest priority by governmental agencies (201, 202). Despite the fact that the 

first HCMV vaccines have been exploited in the 1970s, no vaccine has been licensed to 

date (134, 203). As with all successful antiviral vaccines, induction of an efficient and long-

lasting antibody response would be crucial for the success of a HCMV vaccine (204, 205). 

Several experimental HCMV vaccines are currently under investigation which include live 

attenuated vaccines, plasmid DNA or viral-vectored vaccines and subunit vaccines (134, 

199, 203). Vaccines based on the live attenuated HCMV strains AD169, Towne or 

constructed Towne-Toledo chimeras were safe, well tolerated and showed signs of 

efficacy (206-210). In addition, replication-defective viral particles (dense bodies) showed 

promising immunogenicity in animal immunization trials (211, 212). Being safe and 

moderately efficacious, DNA vaccines or viral-vectored vaccines such as canarypox vectors 

(ALVAC) or modified alphavirus replicon particles (VPRs) aim to present defined viral 

antigens to the immune system which include immunodominant viral proteins like gB, 

pp65 and IE1 (213-218). All of the vaccination approaches above induced humoral and 

cellular immune responses, but no strategy fully protected from HCMV primary infection 

(134, 203, 219, 220). Promising results were obtained from subunit vaccine studies using a 

recombinant, soluble form of gB formulated with MF59, an oil and water adjuvant (221). 

In phase 1 trials the gB/MF59 vaccine was both safe and highly immunogenic (222). Two 

phase 2 trials showed reduced incidence (∼50%) of primary HCMV infection in 

seronegative women of childbearing age and reduced duration (∼50%) of HCMV viremia 

and of antiviral treatment in renal transplant recipients (223, 224). In addition, the 

gB/MF59 vaccine was able to boost antibody and CD4+ T cell responses in HCMV-

seropositive individuals (225). Yet again, protection was incomplete. The reasons for the 

limited efficacy of the vaccine are unclear but may be associated with a rapid decrease of 

the neutralizing antibody titer that coincided with a waning protective effect of the 

vaccine (222, 223). Nevertheless, a similar vaccine comprised of recombinant gB protein 

adjuvanted with AS01 is currently investigated and first results confirm safety and 

immunogenicity in a phase 1 trial and report on efficacy in protection from congenital 

infection in a guinea pig CMV-challenge model (226). Finally, the next generation of 
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subunit vaccine strategies also includes the proteins of the pentameric gH/gL complex 

(175, 227). 

In the absence of efficient active immune intervention strategies, passive immunization 

can influence the severity of HCMV disease in patients experiencing active HCMV 

replication and clinical pathogenesis. Intravenous application of HCMV hyperimmune 

globulin (HIG), a pooled serum IgG from HCMV-positive donors, was reported to have a 

positive effect on disease outcome when applied as a prophylactic or therapeutic measure 

(228-231). Administration of HCMV HIG after solid organ transplantation is associated with 

improved total survival, as well as reduced HCMV disease and HCMV-associated deaths 

(182, 232, 233). The situation seems to be different in pregnant women, where a very 

recent placebo-controlled, phase 2 study suggested that HCMV HIG treatment does not 

significantly modify the course of primary HCMV infection during pregnancy (234). The 

reasons for this study outcome are unclear but the HCMV HIG efficacy might be affected 

by the titer of neutralizing antibodies in these HIG preparations. Although the efficacy of 

HCMV HIG remains controversial, there is solid evidence for the protective role of antiviral 

antibodies in vivo from different animal model systems. For example, in the guinea pig 

animal model of congenital CMV infection, passive immunization with polyclonal anti-

guinea pig CMV antibodies or polyclonal anti-gB antibodies protected from CMV infection 

or transmission (180, 235). In addition, passive immunization reduced murine cytomegalo-

virus-induced brain pathology in newborn mice (179, 236, 237). Complete protection from 

infection was achieved in immunodeficient mice that were infected with murine CMV by 

prophylactic or therapeutic administration of polyclonal antibody preparations (162). 

These observations align with the fact that in humans a high (neutralizing) antibody titer 

correlates with a lower risk of HCMV transmission and a lower viral DNA load (178, 238). 

Studies using human monoclonal antibodies (mabs), however, could not completely 

protect from infection or failed to efficiently prevent HCMV disease (239-242). 

In addition to treatment with HCMV HIG, the adoptive transfer of immune cells is a 

current treatment option against HCMV disease. For example, successful reduction of 

viremia and HCMV disease following adoptive transfer of CMV-specific CD8+ T cells was 

demonstrated in different studies in humans and mice (243-249). Another promising 

approach is the adoptive transfer of memory B cells into the immunocompromised host 

which has been successfully demonstrated in the murine model of CMV infection (162, 

250). 
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3.4  Glycoprotein B of HCMV 

3.4.1 Characterization and Function of gB 

Being the viral fusion protein, gB is one of the few indispensable components of the HCMV 

virion (50, 251). As a result, gB is highly conserved among all herpesviruses and gB-

deficient viruses are not infectious (27, 47, 49, 251-253). Together with the gH/gL hetero-

dimer, gB constitutes the core fusion machinery (50, 254). In addition, gB is involved in 

cell-to-cell spread of the virus, but it is not required for virion attachment, assembly, or 

egress (24). It has been postulated that gB binds to a variety of cell surface molecules such 

as heparan sulfate proteoglycans (HSPGs), integrin heterodimers, EGFR and PDGF-Rα (64-

73, 255). In support of this, a disintegrin-like consensus sequence, an integrin-binding 

motif, was recently identified within residues 92–111 of HCMV gB (64) and was shown to 

interact with a β1 integrin domain (255). However, there is an ongoing discussion about 

which cellular proteins are actually involved as receptor binding molecules (24, 256). 

Together with gM, gB is the most abundant viral glycoprotein and accounts for 1% of the 

total virion protein content (17, 51). It is a type I membrane protein and evolves from a 

>900 aa (amino acid) polypeptide precursor (906 aa in strain AD169, Fig. 3.2) (21, 22). The 

N-terminal signal sequence (aa 1-25) of gB is cleaved off co-translationally upon 

translocation of the protein into the endoplasmatic reticulum (257). Then, gB is post-

translationally modified which includes extensive N-linked glycosylation (23). Further-

more, the 160 kDa gB precursor is cleaved, albeit incompletely, into an N-terminal product 

of ∼116 kDa (gp116) and a C-terminal product of ∼58 kDa (gp58) by the cellular protease 

furin in the trans-Golgi network (22, 171, 258, 259). Proteolytic processing of gB is 

dispensable for viral replication and the fusogenic activity of gB (260). Moreover, both gB 

subunits are covalently linked via disulfide bonds (21, 51, 261, 262). The C-terminal part 

contains a hydrophobic transmembrane helix which forms the internal membrane anchor 

(263). In analogy to HSV-1, gB contains a second hydrophobic patch in the membrane 

proximal region that might be involved in regulation of the hydrophobic fusion loops (264, 

265). The N-terminal subunit and the extraviral part of the C-terminal subunit give rise to 

the gB ectodomain, which shares 24.2% sequence identity with HSV-1 gB and 30.3% with 

EBV gB (23). Structural analysis of the gB ectodomain of HSV-1 and EBV are consistent with 

gB acting as the viral fusion protein (266, 267), since gB shares structural similarities with 

other type III fusion proteins from unrelated viruses such as vesicular stomatitis virus 

(VSV) glycoprotein (G) and Baculovirus gp64 (268-271). As a result of the high sequence 

similarity, a 3D model of HCMV gB (strain AD169) could be generated based on the crystal 

structure of HSV-1 gB (176, 266). In analogy to HSV-1 and EBV, the HCMV gB ectodomain 

assembles into a homotrimer with a rod-like structure and the characteristic “base” and 

“crown” shape (23). The individual structural domains I to V, which were previously 

defined in the HSV-1 gB structure, can be clearly identified from the homology model of 

HCMV gB (Fig. 3.2). Two loop regions (V306 to E317 and K439 to H468 of HCMV gB) were not 

resolved in the reference structure (HSV-1 gB, 2GUM) and could therefore not be 

modeled. The two fusion loops, which contain hydrophobic residues that are 

http://www.rcsb.org/pdb/explore/explore.do?structureId=2gum
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indispensable for the fusogenic activity of gB (23), are located in structural domain I at the 

base of the gB trimer, proximal to the viral membrane. Structural domain I is formed by a 

continuous sequence comprising aa 133 to 343 of HCMV gB strain AD169. Upon individual 

expression of the HCMV gB ectodomain, the fusion loops are hypothesized to mediate 

formation of rosette-like aggregates in analogy to EBV gB and other viral fusion proteins 

(23, 267, 272, 273). 

 

 
Fig. 3.2 Glycoprotein B of HCMV and known antibody target sites. 

(A) Linear representation of HCMV gB strain AD169. The individual protein domains (I to V) are displayed in 
different colors. Brackets indicate disulfide bonds, numbers indicate the beginning of the domains. An 
unpaired cysteine residue at position 246 is marked by an asterisk (*). The furin cleavage site at position 460 
is indicated as a black triangle ( ) and the hydrophobic fusion loops as red triangles ( ). The membrane 
proximal region (MPR) comprises aa 720 to 739 and is indicated. Known antibody target sites (antigenic 
domains, ADs) in gB are depicted and the nature of respective antibodies is given. TM, transmembrane 
anchor; signal, signal sequence. (B and C) 3D model of HCMV gB. (B) Ribbon diagram of one gB monomer 
with the individual structural domains highlighted as in (A). The location of antibody target sites and the 
fusion loops are indicated. Protein parts missing in the model (aa V306 to E317 and K439 to H468) are displayed 
as dashed lines. (C) Surface representation of a gB trimer with one protomer colored as in (A) and two 
protomers shown in grey. The spatial orientation of the gB trimer to the viral membrane is given and the 
hypothetical locations of the N-terminus (NH2) and C-terminus (COOH) are indicated as black lines extruding 
from the gB ectodomain. 
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3.4.2 The Humoral Immune Response to gB following HCMV Infection 

The central role during the fusion process makes gB a prime target for host defense 

mechanisms. Indeed, gB was early on identified as a major target for virus neutralizing 

antibodies (21) and gB-specific antibodies can be detected in virtually all HCMV-infected 

individuals (172). In addition, a major fraction of neutralizing antibodies in sera from 

HCMV-positive donors is directed against gB (40-70%) and the overall neutralizing capacity 

correlates with the anti-gB antibody titer when tested on fibroblasts (163, 169, 170, 274, 

275). In general, neutralizing gB-specific antibodies block HCMV infection at the level of 

viral entry (25, 276, 277). However, gB also induces a large amount of non-neutralizing 

antibodies (176, 278, 279). 

To date, five antigenic domains (AD) have been described on HCMV gB: AD-1 to AD-5 (see 

Fig. 3.2). AD-1 consists of approximately 80 aa comprising residues 552 to 635 of HCMV gB 

strain AD169 (51, 280, 281). A disulfide bond between the cysteine residues 573 and 610 

of gB determines structural integrity of AD-1 and is required for binding of conformation-

dependent neutralizing antibodies (282). AD-1 is highly immunogenic with a seropositivity 

rate of 100% (172, 176). Antibodies that bind to AD-1 can have virus neutralizing activity 

as indicated by the fact that a number of neutralizing AD-1-specific human mabs has been 

isolated in the past (281). However, AD-1 also induces antibodies that do not reduce virus 

infectivity when tested in vitro and these antibodies can compete for binding with 

neutralizing mabs (278, 281, 283). This finding is supported by the observation that 

polyclonal anti-AD-1 antibodies are incapable of completely neutralizing HCMV even at 

high concentrations (284). It has been suggested that the competitive binding of 

neutralizing and non-neutralizing antibodies to AD-1 may represent a mechanism to evade 

efficient neutralization of cell free virus (284). 

AD-2 was defined more than two decades ago (285, 286) using the human mab C23 (287). 

AD-2 is formed by a linear epitope at the N-terminus of gB (aa 50-54) and harbors two 

different antibody binding sites. Site I (aa 68-77) is common to all strains and induces 

neutralizing antibodies. In contrast, site II differs between HCMV strains and is recognized 

by strain-specific antibodies that are incapable of neutralizing free virus (285, 286). Thus, 

AD-2, like AD-1, is bound by neutralizing as well as non-neutralizing antibodies. The overall 

immunogenicity of AD-2 is lower compared to AD-1, since in sera from a cohort of healthy 

blood donors a reactivity of only 50 to 60% was observed (172, 176). 

AD-3 comprises gB residues 783 to 906, i.e. the cytoplasmic/intraviral part of gB. It does 

not induce neutralizing antibodies as can be expected from the localization of AD-3 within 

the molecule (275). Little is known about the serological response against AD-3 except 

that 100% of HCMV-convalescent sera contain AD-3-reactive antibodies (275, 277, 288). 

Following isolation of human mabs from healthy HCMV-seropositive donors, two 

additional, major target sites for neutralizing antibodies were recently identified on HCMV 

gB: AD-4 and AD-5 (176). AD-4 is a discontinuous domain that comprises residues 116 to 

132 and 344 to 438 of gB and corresponds to structural domain II (Fig. 3.2). This domain 

contains predominantly conformational epitopes for neutralizing antibodies and >90% of 

HCMV-infected individuals contain AD-specific antibodies (176, 289, 290). Furthermore, 



12 Introduction 

 

the neutralization capacity of human polyclonal AD-4-specific antibodies is in the same 

concentration range as human anti-AD-4 mabs indicating that none or very few non-

neutralizing antibodies compete for AD-4 binding (176). 

AD-5, the focus of the present study, corresponds to structural domain I and is also a 

target of virus neutralizing antibodies (291). Previous analysis of sera from HCMV-infected 

individuals showed that AD-5 is recognized by roughly 55% of human sera (176). 
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4. Objectives 
 

HCMV frequently causes severe and even fatal disease in patients with impaired or 

immature immune systems. An effective vaccine could potentially prevent HCMV 

transmission or pathology in most cases. The protective capacity of efficient vaccines 

closely correlates with the induction of neutralizing antibodies. As the viral fusogen, gB 

represents a major target of virus neutralizing antibodies during natural HCMV infection. 

Current vaccination trials using recombinant gB, however, showed incomplete protection 

whereas natural immunity against HCMV provides considerable protection against HCMV 

infection and disease. 

The overall goal of this project was to gain deeper insight into the humoral immune 

response against HCMV gB, with particular focus on AD-5, in order to develop a detailed 

understanding of neutralizing epitopes on gB. To this end, the immunogenicity of AD-5 

following HCMV infection was to be comprehensively analyzed and the biologic activity of 

AD-5-specific antibodies examined in different experimental settings. Furthermore, 

mutational analysis of AD-5 was to be used to define epitopes of human monoclonal 

antibodies with neutralizing activity. The critical antibody binding partners were to be 

confirmed in the viral context by use of recombinant, AD-5-mutated viruses. Finally, the 

relevance of the identified epitopes for recognition of AD-5 and virus neutralization was to 

be analyzed in individual human HCMV-convalescent sera to obtain information about the 

general importance of AD-5 epitopes for the anti-HCMV response during infection. 
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5. Results 
 

The work in hand is the continuation of the research project I elaborated in my diploma 

thesis (291). In brief, I was able to clone, recombinantly express and characterize four 

neutralizing human monoclonal antibodies that are directed against the newly identified 

antigenic domain 5 on gB of HCMV. AD-5 is formed by a continuous sequence comprising 

aa 133 to 343 of HCMV gB strain AD169. Within a structural model of HCMV gB (Fig. 3.2, 

p 10), which is based on the crystal structure of HSV-1 gB (266), AD-5 corresponds to 

structural domain I and is located proximal to the viral membrane at the base of the gB 

trimer (Fig. 3.2, p 10). The four AD-5-specific neutralizing human mabs (SM10, SM12, 2C2 

and 1G2) were isolated from three different healthy HCMV-infected donors. The 

recombinant antibodies were reactive with AD-5 in indirect immunofluorescence of 

transiently transfected Cos7 cells and detected AD-5 in an in-house developed capture 

ELISA system. Furthermore, the antibodies were biologically active as they had virus 

neutralizing activity in vitro (291). 

In the present study, the antigenic structure AD-5 was further characterized. Additionally, 

the biologic activity of three of the four neutralizing antibodies (SM10, 2C2 and 1G2) that 

each originated from different donors, was further characterized and their binding 

structure on gB was defined (292). 

 

5.1  The AD-5 Antigenic Structure 

Glycoprotein B is an important immunogen following HCMV infection (172). However, it is 

unclear, whether the humoral immune response in terms of neutralizing antibodies is 

directed against the entirety of the full-length gB protein, or if the neutralizing activity of 

HCMV-convalescent sera is directed against individual structural domains or individual 

epitopes within the gB protein. To address this question, the frequency of AD-5 

recognition in a serum panel from HCMV-seropositive donors was to be analyzed and the 

neutralization capacity of polyclonal anti-AD-5 antibodies determined. To enable 

implementation of these studies, isolated expression of soluble AD-5 protein in milligram 

quantities was a prerequisite. 

 

5.1.1 Expression and Purification of Soluble AD-5 

In order to obtain a consistent supply of soluble AD-5 protein, a reliable expression system 

for large-scale expression needed to be established. For this, different approaches were 

utilized including prokaryotic and eukaryotic cell-based expression systems. The initial 

approach was to express AD-5 prokaryotically in E. coli in analogy to AD-4. A soluble AD-4-

GST fusion protein can be extracted and purified in large amounts from a lysate of 

AD-4-GST-transformed E. coli. Moreover, this recombinant AD-4-GST fusion protein is 

readily detected by AD-4-specific human monoclonal antibodies (293). Earlier attempts to 



Results 15 

 

prokaryotically express wild type (wt) AD-5 as a GST fusion protein showed that it forms 

insoluble aggregates in inclusion bodies upon expression in E. coli (294). This could have 

been the result of oxidation of cysteine residues upon lysis of bacterial cells and formation 

of incorrect disulfide-bonds. In fact, AD-5 contains three cysteine residues (21, 51, 261, 

262) of which two are expected to form a disulfide bond in the mature full-length gB 

protein (C185-C250). In contrast, C246 does not have an interaction partner, neither in the gB 

monomer, nor in the gB trimer, leaving it unpaired and available. Hence, this residue 

might form inter-molecular disulfide bonds and thereby enhance the formation of 

insoluble aggregates upon expression in E. coli. Mutation of the unpaired residue C246 to 

alanine might help to reduce this effect as well as lowering the incubation temperature 

used for induction of protein expression. Using a C246A mutant of the AD-5-GST fusion 

protein and a temperature of 18°C, a small amount of soluble protein could be purified 

from bacterial cell lysate with glutathione sepharose (see 7.4.4). This purified, soluble 

AD-5-C246A-GST protein was used to coat ELISA plates and test antibody binding. 

 

 
 

None of the human AD-5-specific mabs recognized the prokaryotically expressed GST-

fusion protein (Fig. 5.1). This indicated that, on the one hand, the purified protein does 

not adopt a native conformation. On the other hand it demonstrates that the anti-AD-5 

antibodies recognized not a linear but a conformational epitope within AD-5, since the 

GST-fusion protein is readily recognized by an AD-5-reactive polyvalent serum, which 

could be expected to also contain antibodies directed against linear epitopes. The fact that 

the human mabs were conformation-dependent was further underlined by the 

observation that they neither reacted with soluble gB nor with purified virus particles in 

western blot analysis (data not shown).  

Thus, a eukaryotic expression system was necessary to obtain soluble, native AD-5 

protein. The first approach was to express AD-5 as a HA- and 6×histidine (His)-tagged 

protein in 293F suspension cells and to generate a stable cell line. A 6×His-tag was chosen 

to enable purification by immobilized metal ion affinity chromatography via nickel ions 

Fig. 5.1 Antibody recognition of prokaryotically expressed 

AD-5-C246A-GST in ELISA. 

500 ng of AD-5-C246A-GST was coated to ELISA plates and 
tested for binding of AD-5-specific antibodies (0.5 µg/ml) 
or a human HCMV-convalescent (+) serum (dilution 1:50). 
Antibody binding was detected by an appropriate 
horseradish peroxidase (HRP)-conjugated secondary 
antibody and enzyme activity was quantified by substrate 
conversion using tetramethylbenzidine (TMB). The optical 
density (OD) was measured at 450 nm. An anti-GST 
antibody served as positive control. GST protein served as 
negative control for antibody specificity and OD450 values 
for GST were subtracted to give specific binding. 
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because competitive elution could be performed under mild conditions that would not 

jeopardize structural integrity of the protein. This attempt however failed as the protein 

appeared to be toxic for the cells expressing it in high quantities. In addition, protein yield 

was very low (data not shown). 

Finally, AD-5 was expressed using the Baculovirus Expression Vector System (BEVS). The 

coding sequence of AD-5 was inserted into the genome of the Baculovirus strain 

Autographa californica nuclear polyhedrosis virus (AcNPV) by homologous recombination 

(for details see 7.2.5 and 7.4.7). Upon infection of susceptible insect cells, such as 

Spodoptera frugiperda (Sf) cells, the protein was expressed in high levels under control of 

the polyhedrin promoter. For the reasons mentioned above, AD-5 was expressed with a 

C-terminal 6×His-tag following a thrombin cleavage site to be able to purify the nascent 

protein and remove the 6×His-tag if needed (see Fig. 5.2, A). Additionally, the fusion loops 

(YIY155-157 and W240) were mutated to alanine to prevent protein aggregation upon 

expression and purification. Aggregation has been described previously to be mediated by 

the hydrophobic residues of the fusion loops of full-length gB (23). Furthermore, the 

coding sequence contained the Baculovirus gp67 signal sequence for secretion of the 

protein into the cell culture supernatant of infected insect cells, i.e. Sf9 cells, from which a 

fully post-translationally modified protein could be purified. Optimal infection conditions 

for AD-5 expression were determined and for large-scale expression Sf9 suspension 

cultures were infected at a density of 2×106 cells/ml with the AD-5-encoding Baculovirus 

stock at a multiplicity of infection (moi) of 1. The supernatant was harvested 72-96 h post 

infection and dialyzed to binding buffer (HisTrap A) for nickel ion affinity chromatography. 

The AD-5 protein was subsequently purified using 1 ml HisTrap FF columns on an 

ÄKTAprime™ automated liquid chromatography system and eluted in 1 ml fractions with 

HisTrap B buffer containing 500 mM imidazole. Purity and protein content of the eluate 

fractions was analyzed by SDS-PAGE and Coomassie staining (Fig. 5.2, B) or western blot 

analysis (data not shown). Peak fractions were pooled, dialyzed against PBSo and 

concentrated if necessary. 
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Fig. 5.2, B gives an example of the affinity chromatography elution profile and shows that 

AD-5 was expressed and purified from the cell culture supernatant of Baculovirus-infected 

Sf9 cells to a purity of 90-95%. A protein band of approximately 34 kDa was visible upon 

Coomassie staining of SDS-PAGE-separated AD-5 protein eluate fractions (#2-#4). 

Considering that the molecular weight of the protein, calculated from the amino acid 

sequence, was predicted to be 26 kDa, this protein band at 34 kDa (plus the slight smear 

surrounding it) also indicated that AD-5 was post-translationally modified, possibly by the 

attachment of glycans. 

The soluble AD-5 protein was subsequently tested for binding of the anti-AD-5 antibodies 

in ELISA and was recognized by all three human AD-5-specific mabs as well as by a HCMV-

convalescent serum (Fig. 5.2, C). Neither a HCMV-negative serum nor the AD-4-specific 

mab SM5-1 bound to AD-5, but the latter showed recognition of the full-length gB protein 

confirming specificity of the antigen ELISA. In summary, using Baculovirus-infected insect 

cells for expression, soluble AD-5 protein could be purified that was specifically recognized 

by conformation-dependent neutralizing human antibodies. 

Fig. 5.2 Expression, purification and 

antibody recognition of soluble AD-5. 

(A) Linear representation of the Baculovirs-
encoded AD-5 expression construct. AD-5 is 
represented by the gB (HCMV strain 
AD169) coding sequence from I133 to T343.  
The hydrophobic residues of the fusion 
loops are highlighted in red and were 
mutated to alanine as indicated. SS: gp67 
signal sequence, T: thrombin cleavage site, 
H6: 6×His-tag. 
(B) SDS-PAGE of purified soluble AD-5 
protein. Per lane 20 µl of the supernatant 
before and after (flowthrough) nickel ion 
affinity chromatography and the eluate 
fractions were separated by SDS-PAGE 
using a 12.5% PAA gel and protein was 
visualized by Coomassie staining. 
(C) Recognition of AD-5 by human AD-5-
specific mabs. An antigen ELISA with 25 ng 
gB and 150 ng AD-5 per well or no antigen 
(blank) was performed. Antibodies were 
used at a concentration of 0.5 µg/ml and 
sera at a 1:50 dilution. A HCMV-positive (+) 
and negative (-) serum were used as 
controls as well as the AD-4-specific mab 
SM5-1. Antibody binding was detected by a 
HRP-conjugated secondary antibody. 
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5.1.2 Anti-AD-5 Antibody Titer of Human HCMV-positive Sera 

As discussed in the introduction, every individual generates an antibody response directed 

against gB following HCMV infection. Previous analyses of human sera for recognition of 

gB and its domains revealed differential rates of antibody reactivity for the individual 

antigenic domains (172, 176). In our previous study, the reactivity of a serum panel from 

HCMV-positive individuals with AD-5 was found to be 55% (176). This frequency was 

determined using a capture ELISA system where recombinantly expressed HA-tagged AD-5 

protein was captured from the cell culture supernatant of transfected HEK 293T cells by an 

anti-HA antibody followed by incubation with the sera. However, the signal-to-background 

ratio in this ELISA system was very low hampering proper distinction between truly AD-5-

positive and negative sera. Therefore, the ELISA was repeated using the purified, soluble 

AD-5 protein in a direct antigen ELISA. A total of 75 

randomly selected sera from HCMV-seropositive 

individuals, as determined by a commercially 

available ELISA test, were analyzed. Ten sera from 

HCMV-negative donors served as controls. 

 

 

 

The antigen ELISA was performed in collaboration with Laura Wall (295) using 150 ng AD-5 

as antigen and 25 ng gB as control. Reactivity of sera with AD-5 significantly correlated 

with the previously described results of the capture ELISA (Spearman correlation 

coefficient (r) 0.7264; p<0.0001). Using the new antigen, a much better signal-to-

background ratio could be achieved and the frequency of AD-5 recognition by HCMV-

convalescent sera could be corrected to 90% (Fig. 5.3). The OD450 values for gB and AD-1, 

2, and 4 are published in Pötzsch et.al. (176) and were included here for completeness. In 

accordance with previous observations (172), positive reaction with AD-1 was 100% and 

57% of the sera contained antibodies against AD-2. AD-4 was recognized by 94% of sera 

whereas 90% of serum specimens reacted with AD-5. Thus, AD-5 is a highly immunogenic 

antigenic determinant upon HCMV infection. Whether these AD-5-specific antibodies have 

a protective capacity in terms of virus neutralizing activity, was yet to be analyzed. 

Fig. 5.3 Recognition of antigenic domains of gB by human 

HCMV-convalescent sera. 

A serum panel of 75 randomly selected sera from HCMV-
seropositive individuals was analyzed in an antigen ELISA for 
reactivity with recombinant gB (gB) and the antigenic 
domains 1 (AD-1), 2 (AD-2), 4 (AD-4) and 5 (AD-5), 
respectively. Sera were used at a 1:50 dilution. The 
horizontal line represents the cutoff for the individual 
antigen as defined by the mean +2×SD of 10 HCMV-negative 
sera. 68 of 75 (90%) of sera were reactive with AD-5. 
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5.1.3 Correlation of anti-AD-5 Antibody Titer and Neutralizing Activity 

As mentioned earlier, gB is immunodominant with respect to induction of virus 

neutralizing antibodies. The overall in vitro neutralizing capacity in sera correlates with the 

anti-gB antibody titer in humans (163, 170) and in rhesus macaques (274). To date, it is 

unclear whether the neutralizing activity of HCMV-convalescent sera can be assigned to 

individual structural domains of gB or if the sum of reactivity directed against the entire gB 

protein gives rise to the protective potential of gB-directed serum activity. 

 

 
Fig. 5.4 Correlation of the 50% neutralization titer and the antigen-specific antibody titer of human sera. 

The 50% neutralization titer as determined by a neutralization assay on fibroblasts was plotted against the 
OD450 value for a given antigen. OD450 values and antigens as described in Fig. 5.3. r=Spearman correlation 
coefficient: 0.2<r≤0.5 weak to moderate correlation, 0.5<r≤0.8 clear correlation. P<0.0001 highly significant, 
P≤0.0005 significant, P=0.05 not significant. 

 

To address this question, the 50% neutralization titer of the previously described panel of 

HCMV-convalescent sera was plotted against their reactivity towards gB or the individual 

antigenic domains and the Spearman correlation coefficient was calculated (Fig. 5.4). The 

serum neutralizing activity was determined by Dr. Nadja Spindler and results for gB and 

AD-1, 2 and 4 have been described previously (293) but are included here for 

completeness, since the panel could now be extended to include AD-5 of HCMV gB. 

A clear correlation between the anti-gB antibody titer and the serum neutralizing activity 

was confirmed (r=0.5018). This correlation was highly significant (p<0.0001) and the same 

extent of correlation was observed for AD-1 reactivity (r=0.5597, p<0.0001). Interestingly, 

the sera also exhibited an equally significant and clear correlation between the anti-AD-5 

antibody titer and the neutralization capacity (r=0.5519, p<0.0001), indicating that AD-5-

specific antibodies represent a considerable fraction of the overall gB-specific neutralizing 
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activity in human sera. The correlation was less pronounced for AD-4 (r=0.4195, p<0.0002) 

and even less clear for AD-2 (r=0.2502, p<0.0304). Overall, the data suggested that AD-5 

represents a major but not the only determinant of gB-directed neutralizing activity 

following HCMV infection. 

 

5.1.4 Purification of Polyclonal AD-5-specific Antibodies 

The anti-AD-5 mabs described earlier in this study originated from different donors (see 

also Tab. 5.1, p 29), indicating that antibodies with this specificity readily develop in the 

immunocompetent host following HCMV infection. This is in accordance with the 

observation described above that most sera (90%) from HCMV-infected individuals 

contained antibodies directed against AD-5. The fact that these anti-AD-5 mabs exhibited 

virus neutralizing activity also aligns with the finding that a serum’s neutralization capacity 

correlated with its anti-AD-5 antibody titer. This raised the question of how relevant 

antibodies with AD-5 specificity are for neutralization and if polyvalent anti-AD-5 

antibodies neutralize as potently as a monoclonal anti-AD-5 antibody. 

To evaluate the virus neutralizing activity of anti-AD-5 antibodies in general and to analyze 

the spectrum of AD-5-directed antibodies that arise in the immunocompetent host 

following infection, the polyclonal fraction of antibodies with AD-5 specificity was isolated 

from a commercially available HCMV hyperimmune globulin (Cytotect® CP Biotest) via 

immunoaffinity chromatography. A HCMV HIG was chosen for this experiment since it 

comprises a serum pool from hundreds of HCMV-infected individuals and should reflect 

the spectrum of AD-5 reactivity in the general population. For immunoaffinity chroma-

tography, 2 mg of soluble AD-5 protein were covalently coupled via its primary amine 

groups to aldehyde-activated agarose beads (AminoLink Plus Coupling Resin) by reductive 

amination. The thereby prepared affinity matrix of immobilized AD-5 protein was 

subsequently incubated with 2 ml of HCMV HIG diluted 1:4 in PBSo. Following removal of 

unbound HIG components by extensive washing with PBSo, the AD-5-specific polyclonal 

antibody fraction (polyAD-5) was eluted from the AD-5 affinity matrix using acidic pH. The 

IgG concentration of the polyAD-5 preparation and the corresponding hyperimmune 

globulin before (HCMV HIG pre) and after (HCMV HIG post) AD-5 immunoaffinity 

chromatography was determined by use of an IgG ELISA. AD-5 specificity was confirmed 

by antigen ELISA and indirect immunofluorescence (Fig. 5.5). Later experiments aimed to 

determine the neutralizing activity of the polyAD-5 preparation. Since antibodies directed 

against AD-1, AD-2 and AD-4 are common in human sera (see Fig. 5.3) and can exhibit 

virus neutralizing activity (280, 281, 286, 290), it was essential to exclude reactivity of the 

polyAD-5 preparation with any antigenic domain of gB apart from AD-5. To this end, an 

antigen ELISA was performed (Fig. 5.5, A). The individual antigenic domains and soluble gB 

were coated to ELISA plates and antibody binding was detected with a horseradish 

peroxidase (HRP)-conjugated secondary antibody. For each antigen, an antigen-specific 

mab was used as positive control and for each specimen the specific background (OD450 

without antigen) was subtracted. The polyAD-5 preparation reacted strongly with gB and 
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AD-5, but not with AD-2 or AD-4. A low reactivity with the AD-1 peptide could be detected 

which most likely resulted from a strong reaction of the polyAD-5 preparation with the 

coating buffer itself. In contrast to all other antigens used in this ELISA, AD-1 was coated in 

6 M urea and the polyAD-5 preparation already showed a high background reactivity using 

these coating conditions without antigen, suggesting that this reaction was not specific. 

Moreover, binding of polyAD-5 to AD-1 could not be confirmed in a second antigen ELISA. 

Thus, the polyAD-5 preparation contained predominantly antibodies directed against AD-5 

and retained reactivity with the full-length gB protein. In addition, the ELISA demonstrated 

that the AD-5-specific antibodies could be extracted from the HCMV HIG completely, since 

there was only marginal reactivity of the HCMV HIG post with AD-5 while reactivity with 

gB, AD-1, AD-2 and AD-4 remained comparable. 

 

 

 

 

 

Still, a HCMV hyperimmune globulin contains multiple specificities, not only directed 

against gB but also against other viral proteins. With regard to neutralization, antibodies 

directed against viral glycoproteins such as gH/gL or gM/gN were of particular interest 

since they can also have virus neutralizing activity (53, 165, 296). To be able to attribute all 

neutralizing activity of the polyAD-5 preparation to exclusive reactivity with AD-5, 

contamination with other glycoprotein-specific antibodies had to be excluded. For this 

purpose, Cos7 cells were either transfected with plasmids coding for full-length gB or HA-

tagged AD-5 as positive controls or co-transfected with plasmids coding for gH plus myc-

tagged gL or gM plus myc-tagged gN. All constructs contained a signal sequence to enable 

translocation of the protein to the endoplasmatic reticulum. For the last two combinations 

co-transfection was mandatory to ensure proper folding and transport of the mature, 

heterodimeric protein complexes to the cell surface (28, 33). Cells were fixed 48 h post 

transfection and subjected to indirect immunofluorescence analysis (Fig. 5.5 B). Transient 

Fig. 5.5 Specificity of the polyAD-5 preparation. 

(A) ELISA with gB and its individual antigenic domains (AD-1, 2, 4 and 5) 
as antigens. For each antigen, an antigen-specific mab (1 µg/ml) was 
used as positive control with the respective antigen indicated in 
brackets. HCMV HIS was used at 100 µg/ml and polyAD-5 at 1 µg/ml. 
(B) Reactivity of polyAD-5 with gB, AD-5, gH/gL and gM/gN was assessed 
in indirect immunofluorescence of transiently transfected Cos7 cells. As 
expression controls served mabs C23 (gB), 1G2 (AD-5), SA4 (gH/gL) and 
IMP (gM/gN). Counter-staining of cell nuclei was done with DAPI.  
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expression of the proteins was confirmed with antigen-specific antibodies and antibody 

binding was detected using a FITC-conjugated secondary antibody. In agreement with the 

ELISA results, the polyAD-5 preparation gave a strong immunofluorescence signal with gB 

and AD-5 transfected cells. In contrast, no binding of polyAD-5 to the heterodimers gH/gL 

or gM/gN could be detected while both components of each heterodimer were shown to 

be properly expressed (data not shown). Hence, the polyAD-5 preparation exclusively 

contained antibodies directed against AD-5 of gB. For the sake of accuracy, reactivity of 

polyAD-5 with all potential targets of neutralizing antibodies cannot formally be excluded. 

Absence of reactivity with other antigenic domains of gB and gH/gL or gM/gN, however, 

gave convincing evidence for the successful purification of exclusively AD-5-specific 

antibodies. Interestingly, the polyAD-5 preparation also did not react with truncated 

versions of the AD-5 protein in indirect immunofluorescence (data not shown) indicating 

that the fraction of AD-5-directed antibodies recognizing linear epitopes was vanishingly 

low and that proper folding of the native domain structure was required for antibody 

binding. 

 

5.1.5 Neutralizing Activity of Polyclonal anti-AD-5 Antibodies 

AD-4-specific polyclonal antibody preparations were reported to exhibit potent virus 

neutralizing activity which was comparable to the activity of monoclonal antibodies (176, 

293). In contrast, the neutralization capacity of polyclonal AD-1-specific antibodies did not 

exceed 50% neutralization of input virus, although, like for AD-4, monoclonal antibodies 

with efficient HCMV-neutralizing activity do exist, for example mabs 89-104 or ITC52. This 

indicates that during natural infection with HCMV, a balanced ratio of neutralizing and 

competing, non-neutralizing antibodies specific for AD-1 is induced (284). To address the 

question which situation applied to polyclonal antibodies targeting AD-5, the biological 

activity of these antibodies was investigated in an in vitro neutralization assay on 

fibroblasts and epithelial cells with two different luciferase-expressing HCMV virus strains 

(AD169 and TB40/E). To verify the result obtained for the polyAD-5 preparation prepared 

from Cytotect®, a second batch of polyclonal anti-AD-5 antibodies was purified from a 

different HCMV HIG (HIS #8, HUMAN Serum Production and Medicine Manufacturing Co. 

Ltd.) under the same conditions and using the same assays to confirm AD-5 specificity as 

described above. For better distinction, the polyAD-5 preparations were designated #C 

(Cytotect® CP Biotest) and #H (HIS #8). The two polyAD-5 preparations, HCMV HIG pre and 

post and the control antibodies C23 and 1G2 were incubated in log2 dilutions with the 

respective luciferase-expressing virus and incubated for 1 h at 37°C. Then, the mixture was 

added to fibroblasts (MRC5) or epithelial cells (ARPE-19) for 4 h. Infection of ARPE-19 cells 

was enhanced by centrifugation for 30 min at 1900×g directly after adding the inoculum. 

48 h post infection the cells were lyzed and the luciferase activity expressed in relative 

light units (RLU) was measured via detection of chemiluminescence by a luminometer. 

Percent neutralization was calculated from the RLU as a function of the control wells 

treated with no virus or no antibody. 
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Fig. 5.6 Neutralization capacity of affinity-purified 

polyclonal AD-5-specific antibodies. 

Luciferase-expressing viruses of HCMV strain AD169 (A) or 
TB40/E (B and C) were incubated with log2 dilutions of 
antibody for 1 h at 37°C and MRC5 or ARPE-19 monolayers 
were infected with the antibody-virus mixtures for 4 h. Extent 
of infection was analyzed 48 h later as a measure of luciferase 
activity and percent neutralization was calculated relative to 
the no virus and no antibody controls. Neutralizing activity was 
assessed in duplicate and the mean (± SEM) is given. The AD-2-
specific mab C23 and the AD-5-specific mabs 1G2 and SM10 
served as controls. 

 

The polyAD-5 preparations neutralized 50% of input virus at a concentration between 

4-6 µg/ml, independent of the virus strain or cell type tested and irrespective of the origin 

of the polyAD-5 antibodies (Fig. 5.6). These neutralization characteristics were equivalent 

to those observed for monoclonal AD-5-specific antibodies (see also 5.2), indicating that 

the HCMV hyperimmune globulins contained predominantly antibodies with similar 

activity compared to the anti-AD-5 mabs that were isolated previously (176). However, 

some antibodies that recognize linear epitopes or epitopes irrelevant for neutralization 

might yet be present in a polyclonal antibody preparation. This could, in part, explain the 

difference in 50% neutralizing activity from a monoclonal to a polyclonal antibody. This 

supposition was further supported by the ability of the polyAD-5 preparations to detect 

AD-5 in western blot analysis, albeit only a faint signal was observed (data not shown). 

More importantly, the polyAD-5 preparations were able to neutralize 100% of input virus. 

An IgG concentration between 20 to 25 µg/ml was sufficient to completely prevent 

infection of the cells in this in vitro neutralization assay, a concentration more than twenty 

times lower than that of the HCMV HIG (>600 µg/ml) required to achieve complete 

protection from infection. Similarly, the fifty percent inhibitory concentration (IC50) of the 

HCMV HIG was ten to twenty times higher than for polyAD-5. It was 50 µg/ml (TB40/E) 

and 80 µg/ml (AD169) for Cytotect® (HIG pre/post #C), which was comparable to what has 

been reported in the literature (177, 297, 298), and even higher for the HIS #8 (HIG 

pre/post #H, 190 µg/ml) (293). The IC50s of mabs C23 (0.4 µg/ml), 1G2 (0.7 µg/ml) and 

SM10 (0.6 µg/ml) were as expected. The observation that the neutralizing activity of the 

HCMV HIG after depletion of the anti-AD-5 antibodies (HCMV HIG post) did not alter the 

overall neutralizing activity of the hyperimmune globulin was anticipated, since a HCMV 
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HIG contains a variety of antibody specificities targeting different neutralizing epitopes. In 

fact, depletion of all gB-specific antibodies by pre-incubation of a HIG with soluble, 

recombinant gB or vaccinia virus-expressed gB lowered the neutralizing titer on fibroblast 

by approximately two-fold (169, 298), underlining the fact that neutralizing antibodies 

targeting viral proteins other than gB are also present in human sera. 

Taken together, the neutralization assay revealed that AD-5-specific antibodies, which 

developed following HCMV infection, were predominantly neutralizing. This is in line with 

the observation that to date no non-neutralizing antibody directed against AD-5 has been 

described (176). Furthermore, the assay demonstrated that AD-5-specific non-neutralizing 

antibodies, which might yet be present in human HCMV convalescent sera, did not 

compete with neutralizing antibodies for binding to AD-5 and therefore did not result in 

incomplete virus neutralization as it has been described for AD-1 (284). 

 

5.1.6 Immunogenicity of gB and AD-5 in Mice following Immunization 

The AD-5-specific antibodies described in this study were obtained from HCMV-infected 

humans and they developed during the natural course of the adaptive immune response 

to viral infection. Additionally, they exhibited a potent neutralizing activity in the 

nanomolar range (see also Tab. 5.2, p 33). This led to the assumption that if the 

appropriate antigen is used, i.e. the specific target structures are freely accessible, 

neutralizing gB-specific antibodies might be inducible upon vaccination with gB or even 

with gB subunits. However, when recombinant gB was used as a vaccine antigen in 

different phase 2 clinical trials in humans, only partial protection from HCMV infection was 

observed (223, 224). In contrast, a number of studies reported on the induction of 

gB-specific neutralizing antibodies following experimental immunization of laboratory 

animals like mice, rabbits or guinea pigs (21, 22, 252, 275, 299-301). There is even 

evidence in the literature of the existence of murine neutralizing antibodies, which 

recognized C-terminal truncations of gB that harbor AD-4 and AD-5 but were not reactive 

with AD-2 (279). Most antibodies induced by vaccination however were complement-

dependent. 

Since the human AD-5-specific mabs neutralized in a complement-independent manner 

(see also 5.2.5, p 39) it was of interest to analyze whether such complement-independent 

neutralizing antibodies could be induced following immunization. To test this, CD8-/- mice 

were immunized with recombinant, soluble gB or AD-5. Of note, the soluble gB protein 

used for this animal immunization trial was identical to the vaccine antigen that is 

currently tested in humans (223, 224). The soluble AD-5 protein is described in detail in 

section 5.1.1. Immunizations, collection of blood samples and analysis of the serum 

samples was carried out in collaboration with Dr. Anna Bootz and Laura Wall (295). Three 

animals per protein were intraperitoneally immunized with 5 µg gB or 20 µg AD-5 each. 

100 μl Imject® Alum per animal was used as an adjuvant. The mice were boosted three 

times after the initial immunization and serum samples were collected two weeks after 

immunization or boost. Development of an anti-gB or anti-AD-5 antibody titer was 
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monitored by antigen ELISA. After the third boost, the immunization trial was terminated, 

the mice exsanguinated and the serum collected for immune response analysis. To this 

end, the antigen-specific serum titers were determined in an antigen ELISA with gB and 

AD-5. The mice sera were titrated on both antigens starting at a dilution of 1:50 and 

binding was detected using a HRP-conjugated secondary antibody. A naïve serum, 

obtained from an animal that was neither immunized with gB nor with AD-5, served as 

negative control and a monoclonal anti-gB or anti-AD-5 antibody was used as positive 

control (data not shown). Of note, one gB-immunized animal (gB #3) died after the second 

boost, reducing the number of gB immune sera available for immune response analysis 

after the final boost to two. Nevertheless, reactivity of animal gB #3 was comparable to 

animals gB #1 and #2 at the last time point tested. As can be deduced from Fig. 5.7, all 

animals were successfully immunized with gB or AD-5. 

 

 
 

Fig. 5.7 Analysis of the gB and AD-5-specific immune response after immunization. 

Immune response to gB (A) or AD-5 (B) following immunization. ELISA plates were coated with 25 ng gB or 
150 ng AD-5. Serial 2-fold dilutions of gB or AD-5 immune sera with a starting dilution of 1:50 were prepared 
and incubated with the antigens indicated above the graph. Antibody binding was detected with a HRP-
conjugated secondary antibody. A naïve serum served as negative control. 

 

Sera obtained from gB immunized mice showed a strong reactivity with gB (Fig. 5.7, A). 

Likewise exhibited sera from AD-5 immunized animals a substantial reactivity with AD-5 

(Fig. 5.7, B) in ELISA. Importantly, the AD-5 immune sera were also reactive in ELISA when 

gB was used as antigen, indicating that the AD-5 protein used for this immunization trial at 

least in part resembled the antigenic structure of AD-5 as it is present in the soluble gB 

protein. The reactivity of AD-5 immune sera with gB, however, was much lower when 

compared to the reactivity of gB immune sera. At a serum dilution of 1:10000 gB was still 

readily recognized (OD450 = 1) by sera of gB immunized mice (gB #1 and #2), whereas the 

immune sera from AD-5 treated animals (AD-5 #1 to #3) reached an OD450 of 1 at dilutions 

between 1:300 and 1:650. Thus, the reactivity of the latter was 15 to 30 times lower. A 

dilution of 1:10000 of AD-5 immune sera on gB resulted in an OD450 lower than 0.5, i.e. 

almost background level reactivity. Whether this low reactivity compared to gB immune 

sera was the result of a divergent immune responses to the individual antigens or the 

result of a higher density of available epitopes in the full-length gB protein, which can 

simultaneously be recognized by different antibodies, cannot be decided from this assay. 
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Another possibility is that following AD-5 immunization, antibodies were induced that 

target regions of the soluble AD-5 protein which were not present or accessible in the full-

length gB protein. When looking at the opposite situation, the sera obtained from gB 

immunized animals were also reactive with AD-5 in ELISA, although the signal was not as 

strong as on gB. Corresponding to this finding, gB has been reported to induce a wide 

variety of specificities following immunization including antibodies directed against other 

antigenic domains such as AD-1 or AD-4 (293). It is therefore not surprising that only a 

small fraction of the overall gB-reactivity is directed against AD-5. Furthermore, the 

proteins compared here were not coated in an equimolar fashion. Equimolar coating was 

not possible since a much lower amount of AD-5 compared to gB would have had to be 

used for coating and previous test already indicated that a lower amount of AD-5 protein 

in ELISA resulted in complete loss of AD-5 recognition even by AD-5-specific mabs (data 

not shown). 

 

Next, the neutralizing activity of the gB and AD-5 immune sera was analyzed. To this end, 

neutralization assays were carried out as described previously using HCMV strain AD169 

and MRC5 as target cells. Again, a naïve serum was used as negative control and the 

human AD-2-specific neutralizing mab C23 was used as positive control. Of note, 

complement was not added to the samples to assess the complement-independent 

neutralizing activity of immune sera. 

 

 

 
 

 

 

As depicted in Fig. 5.8, the immune sera were not able to prevent infection of fibroblasts 

in the in vitro neutralization assay, regardless of the antigen used for immunization. None 

of the AD-5 immune sera was able to neutralize 50% of input virus at the dilutions tested. 

One immune serum obtained from a gB-immunized animal (gB #2) barely reached the IC50 

at the starting dilution of 1:20. This result demonstrated that immunization of mice with 

soluble gB or AD-5 protein did not efficiently induce virus neutralizing antibodies and if it 

did, their frequency was extremely low. 

  

Fig. 5.8 Neutralizing activity of immune sera. 

gB or AD-5 immune sera were serially diluted 
starting at a 1:20 dilution. The luciferase-
expressing HCMV strain AD169 (HB15-
UL84prluc) was used at 275 pfu/well. MRC5 
were incubated with the antibody-virus 
mixture for 4 h and 48 h later luciferase 
activity was determined and neutralization 
capacity calculated. A naïve serum served as 
negative control. The human mab C23 was 
used as a positive control for neutralization 
and was titrated in serial log2 dilutions from a 
starting concentration of 20 µg/ml. 
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5.1.7 Neutralizing Activity of Murine anti-AD-5 Monoclonal Antibodies 

Even though the frequency of complement-independent neutralizing antibodies induced 

following gB immunization was probably very low, it has been described that monoclonal 

neutralizing antibodies can be obtained following HCMV immunization strategies (278, 

302). In addition, one gB immunized animal exhibited marginal serum neutralizing activity 

in the absence of complement (see Fig. 5.8). So, the next step was to generate AD-5-

specific monoclonal antibodies from gB immunized animals. To this end, hybridoma cells 

were generated from a gB-immunized animal using the hybridoma technique (see 7.2.2), 

screened for reactivity with gB and subsequently for neutralization. From a total of 648 

screened hybridomas that could be tested, 81 (8%) showed reactivity with gB in ELISA 

(data not shown). Of those 81, 36 clones remained gB positive in ELISA at the time of cryo-

conservation of the cells. Interestingly, only 17 of the remaining 36 clones unequivocally 

recognized gB in indirect immunofluorescence of transiently transfected Cos7 cells (data 

not shown). Two hybridomas were found to be AD-1-specific (2D9 and 4D11) but none 

were reactive with AD-4 in ELISA (data not shown). Four hybridoma supernatants were 

specific for AD-5, namely 9D11, 7C2, 1B12 and 8G6. They were reactive with HA-tagged 

AD-5 in indirect immunofluorescence and soluble AD-5 in ELISA (see Fig. 5.9). 

 

 
Fig. 5.9 Recognition of AD-5 by hybridoma supernatants. 

(A) Indirect immunofluorescence analysis of hybridoma supernatants. The hybridoma supernatants were 
incubated with gB or AD-5 transfected Cos7 cells and antibody binding was detected with a FITC-conjugated 
secondary antibody. Counter-staining of cell nuclei was done with DAPI. (B) Antigen ELISA. An ELISA with 
AD-5 or no antigen (blank) was used to confirm binding of hybridoma supernatants to AD-5. The human 
AD-5-specific mabs 1G2 (A) or SM10 (B) were used as positive controls. 

 

 

Interestingly, clone 8G6 did not recognize full-length gB in indirect immunofluorescence 

upon transient transfection of Cos7 cells (Fig. 5.9, A). Instead, 8G6 was reactive with a 

truncated AD-5 construct expressing residues 140 to 255 of HCMV gB (data not shown) 

(291). Unfortunately, this clone was lost following cryo-conservation. 
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To address the question whether hybridomas secreting neutralizing antibodies could be 

generated among the gB-specific clones in general and AD-5-specific clones in particular, 

the hybridoma supernatants were analyzed for their neutralizing activity (Fig. 5.10). 

Neutralization assays were performed as described above using HCMV strain AD169 for 

infection and HFF as target cells. None of the gB-specific hybridomas showed a strong 

neutralizing activity. The only hybridoma showing a minimal activity was the AD-5-specific 

clone 9D11 (Fig. 5.10, A). 

 

 
 

Fig. 5.10 Neutralizing activity of gB-specific hybridoma supernatants and murine mabs. 

(A) The individual, undiluted hybridoma supernatants were incubated with HCMV strain AD169 for 1 h and 
the mixture was used to infect HFF monolayers for 4 h. 48 h later luciferase activity was determined and 
percent neutralization calculated. Hybridoma supernatants with known specificities are highlighted in 
different colors. All hybridoma supernatants with unknown specificity are depicted in grey. The human 
neutralizing mab SM5-1 at a concentration of 10 µg/ml was used as positive control. (B) Neutralization 
capacity of murine and human AD-5-specific mabs. Log2 dilutions of purified AD-5-specific murine mabs 
(9D11, 7C2 and 1B12) and human mabs (SM10 and 1G2) were incubated with virus and the neutralization 
assay was performed as described in (A). 

 

Since the IgG concentration of the individual hybridoma supernatants was unknown and 

the hybridoma clones might yet have been polyclonal, the clones of interest, i.e. the AD-5-

specific clones, were subcloned twice to obtain monospecific hybridomas. The 

supernatant of the monospecific hybridoma clones was collected and the monoclonal 

antibodies were affinity-purified from the cell culture supernatants using rProtein G 

columns on an ÄKTAprime™. Successful purification was confirmed by SDS-PAGE and 

Coomassie staining (data not shown). In addition, the antibodies were found to be of the 

IgG1/κ isotype (see 7.5.1.5 and data not shown) and the concentration was determined by 

IgG ELISA. The purified, AD-5-specific murine mabs were subsequently tested in a 

neutralization assay (Fig. 5.10, B). None of the murine, AD-5-specific mabs was able to 

prevent infection of target cells even at the highest concentration tested (20 µg/ml). In 

summary, neither gB nor AD-5-specific monoclonal antibodies possessing neutralizing 

activity were obtained following gB immunization in this study. If this result was a 

consequence of the low frequency of gB or AD-5-specific neutralizing mabs in general or 

the inability of the antigen to induce neutralizing antibodies altogether remained 

unknown.  
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Taken together, neutralizing antibodies did not readily develop upon immunization of 

mice, neither with gB nor with AD-5. Overall, the conditions required to develop potently 

neutralizing antibodies in vivo remained elusive. This prompted the hypothesis that a 

comprehensive characterization of the naturally developing immune response to HCMV 

infection, which has been reported to mediate protection (136-138), was needed in order 

to understand the failure of immunization trials. Hence, to better understand the 

properties that neutralizing antibodies need to have, we further characterized the human 

AD-5-specific mabs. 

 

5.2  Characterization of AD-5-specific Neutralizing Antibodies 

One of the primary objectives of this study was to characterize three AD-5-specific 

neutralizing human mabs (SM10, 2C2 and 1G2) that were obtained from three different 

HCMV-infected individuals. At the same time, experiments were carried out to compare 

the properties of these mabs to other gB-specific antibodies in the hopes of developing a 

concept for understanding the mechanism by which gB-specific antibodies execute their 

neutralizing activity. 

 

5.2.1 Expression and Purification of AD-5-specific Human Antibodies 

In order to obtain an unlimited source of human AD-5-specific mabs, the antibodies were 

cloned and expressed in a recombinant system as described previously (176, 291). It 

should be noted that the recombinantly expressed antibodies were expressed as IgG1 

molecules despite the fact that SM10 and 1G2 were originally of the IgG3 isotype. Tab. 5.1 

gives an overview on the donors of AD-5-specific mabs, the isotypes of initial B cell clones 

and recombinant antibodies as well as the binding affinity of respective antibody Fab 

fragments to soluble gB. The neutralization capacity remained unchanged irrespective of 

the IgG subtype indicating that the Fc-part of the IgG molecules did not significantly 

contribute to the in vitro neutralizing activity of the antibodies (176).  

 
Tab. 5.1 Donors, isotypes and KDs of AD-5-specific human monoclonal antibodies. 

Antibody Donor Original IgG isotype Recombinant IgG isotype KD [M]
*
 

SM10 IN IgG3/κ IgG1/ κ 2.1
-10 

2C2 AB IgG1/ κ IgG1/ κ < 2.0 
-10 

1G2 JN IgG3/λ IgG1/ λ 1.7
-10 

         
*
the dissociation constant (KD) of the antibody Fab fragments were kindly provided by 4-Antibody AG, Jena. 

 

For large-scale production of the individual human antibodies, vectors for the respective 

light and heavy chain of the IgG molecule were co-transfected into HEK 293T cells for 

recombinant protein expression. For details see also sections 7.2.3.2 and 7.4.5. If possible, 

a serum-free expression medium was used to prevent purification of unspecific IgGs from 

the cell culture medium. The antibody-containing supernatant of transfected HEK 293T 
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cells was collected and purified using an ÄKTAprime™ liquid chromatography system and 

HiTrap rProtein A columns. A supernatant harvested 7 days (d) post transfection usually 

contained between 10-80 μg/ml of recombinant antibody, dependent on transfection 

efficiency. For each purification process approximately 500 ml of antibody-containing 

supernatant were applied to the equilibrated rProtein A column. Equilibration and wash 

steps of the column were conducted with a low salt sodium phosphate binding buffer of 

physiological pH. The bound antibody was subsequently eluted from the column with an 

acidic glycine buffer followed by neutralization of the antibody-containing fractions with a 

basic Tris buffer. 

Eluate fractions of 1 ml were collected and peak fractions were pooled according to the 

elution profile of the antibody. In addition, purity of the antibody preparations was 

assessed by SDS-PAGE and Coomassie staining. 

 

 

 

An example elution profile of mab 1G2 is given in Fig. 5.11. Under reducing conditions, the 

IgG heavy (approx. 50 kDa) and light chain (approx. 23 kDa) were visible as single bands on 

the gel. Antibody recovery from the cell culture supernatant following affinity 

chromatography was usually around 90 to 95%. Antibody concentrations were determined 

by IgG ELISA and specificity confirmed in ELISA or indirect immunofluorescence (data not 

shown). 

 

5.2.2 Neutralization Capacity of AD-5 and gB-specific Antibodies 

A prerequisite for neutralizing activity is the ability of an antibody to bind viral gB. This 

capability was to be confirmed for the AD-5-specific antibodies. Since the antibodies were 

not reactive with purified HCMV particles in western blot analysis (data not shown), an 

observation often seen for conformation-dependent antibodies, we chose to infect 

fibroblasts and investigate antibody binding in indirect immunofluorescence. HFF were 

infected at a low moi and 96 h later, when virus replication was fully underway, cells were 

fixed and unspecific antibody binding sites were blocked. For this, a block of HCMV-

expressed Fc receptors (303, 304) was performed by incubation with a PBSo-based 

blocking solution containing 10% FCS, 1% BSA, 2% rabbit serum and the BD Fc-Block™ 

CD16/CD32 (0.5 µg/ml). Then, primary antibody was added and in turn detected by the 

appropriate FITC-conjugated secondary antibody. 

 

Fig. 5.11 Elution profile of human mab 1G2. 

SDS-PAGE and Coomassie staining of eluate fractions 
of human mab 1G2 following affinity chromato-
graphy. Of each eluate fraction, 5 µl were analyzed 
on a 12.5% PAA gel under reducing conditions, which 
separates the heavy and light chains of the antibody.  
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The IE1-specific mab p63-27 served as positive control for productive virus infection, 

demonstrated by the nuclear staining of HCMV-infected cells. As could be expected, 

staining using glycoprotein-specific antibodies, including the anti-AD-5 mabs, was typically 

detected in the HCMV assembly compartment, the site of final virus envelopment (86, 88, 

92, 305). This indicates that the antibodies not only recognize individually expressed gB or 

AD-5 protein (176) (see also Fig. 5.9), but also are able to bind to a conformation of gB 

that would later be present on the viral surface. Having confirmed this, the antibodies 

were subsequently analyzed for their neutralizing activity. 

 

5.2.2.1  Neutralizing Capacity on different Cell Types 

Recent advances in the technologies for retrieval and generation of human monoclonal 

antibodies gave rise to a new panel of HCMV glycoprotein-specific neutralizing antibodies 

that target the pentameric gH/gL complex, in particular, the UL128-131 proteins (164). 

These antibodies exhibited an extraordinary neutralizing activity when assayed on endo-

thelial and epithelial cells. However, when tested on fibroblasts, they entirely failed to 

neutralize virus infectivity. This raised the question whether AD-5-specific antibodies or 

gB-specific antibodies in general exhibited a similar sensitivity of their neutralization 

capacity dependent on the target cell type used. Simultaneously, we wanted to address 

the question if a virus strain-specific difference could be observed with regard to the 

neutralizing activity of the antibodies. HCMV laboratory strains and clinical isolates can be 

classified into four different gB genotypes (306). The two major variant loci defining the gB 

genotypes lie outside of AD-5, one at the N-terminus of the gB protein and the other 

encompassing the furin cleavage site. However, three lesser variant loci are localized 

within AD-4 and AD-5 (for details on AD-5 see Fig. 10.4, p 132). Importantly, two sites of 

variation lie within AD-5, separating genotypes gB1 and gB4 from gB2 and gB3. Therefore, 

two representative viruses, TB40/E (gB1) and AD169 (gB2), were utilized to address strain-

specific effects of neutralization. To answer both questions, neutralization assays were 

performed on fibroblasts, endothelial and epithelial cells using luciferase-expressing 

HCMV strain AD169 and TB40/E or a non-luciferase-expressing TB40/E*. The latter was 

used on HUVEC to determine neutralization capacity by indirect immunofluorescence (see 

also 7.3.5.2). Of note, HCMV strain AD169 cannot infect endothelial or epithelial cells since 

Fig. 5.12 Indirect immunofluorescence of 

HCMV-infected fibroblasts. 

HFF were infected (0.08 moi) and 4 d later, 
subjected to indirect immunofluorescence. 
Binding of the AD-5-specific mabs was 
detected by an appropriate FITC-conjugated 
secondary antibody. Control straining included 
mabs p63-27 (IE1-specific), SM5-1 (gB-AD-4-
specific) and 14-4B (gH-specific). Counter-
staining of cell nuclei was done with DAPI. 



32 Results 

 

it harbors a single nucleotide insertion in the open reading frame (ORF) of UL131A (35) 

and was therefore only tested on fibroblasts. 

 

 
Fig. 5.13 Neutralizing activity of AD-5-specific antibodies on different target cell types. 

Antibodies were incubated either with luciferase-expressing HCMV strain AD169 (A), TB40/E (B and D) or 
TB40/E* (C). Cells were infected with the antibody-virus mixture and luciferase activity was measured 48 h 
later. Target cells included fibroblasts (HFF), endothelial cells (HUVEC) and epithelial cells (ARPE-19). 

 
As illustrated in Fig. 5.13, the antibodies exhibited a comparable neutralization pattern 

under all conditions tested. Deviations were in the range of normal inter-assay variations. 

Overall, neutralization was independent of the different cell types tested and the HCMV 

virus strain used. This was in accordance with what had been observed for the polyclonal 

AD-5-specific antibody preparations (Fig. 5.6). Consistent with the AD-2-specific mab C23, 

the three AD-5-specific antibodies showed a broad and potent neutralizing activity with 

IC50s in the nanomolar range (summarized in Tab. 5.2). Overall, AD-5-specific antibodies 

appeared to convey a universal neutralization activity. 
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              Tab. 5.2 IC50s of human monoclonal antibodies given in µg/ml. 

Antibody 
AD169 on 

fibroblasts 

TB40/E on 

fibroblasts 

TB40/E on 

endothelial cells 

TB40/E on 

epithelial cells 

SM10 0.8 0.9 0.6 0.4 

2C2 3 2.5 3.5 2 

1G2 1.5 1.5 0.6 0.5 

C23 0.8 0.4 0.5 0.6 

 

 

5.2.2.2  Neutralizing Capacity against different Virus Populations 

It has been widely discussed in the literature that, in analogy to EBV (307), different virus 

populations are produced in fibroblasts compared to endothelial cells. This population 

disparity might on the one hand determine the mode of virus spread and on the other 

hand influence the glycoprotein composition of the virus envelope (308). To exclude the 

possibility that differences in virus populations, as they would certainly exist in the in vivo 

situation of HCMV infection, influence the neutralization capacity of gB-specific mabs in 

general and AD-5-specific mabs in particular, neutralization was assessed by testing 

viruses that were propagated in different cell types on varying target cells. As per usual 

practice, virus supernatants were harvested from infected fibroblasts (fibroTB40/E), i.e. 

HFF. Since propagation of TB40/E virus in endothelial did not result in sufficient virus 

titers, an effect that had been described previously (309), epithelial cells (ARPE-19) were 

used to generate epithelial cell-derived virus stocks (epiTB40/E). In doing so, one overall 

finding was that the virus titers from the latter usually did not reach the same level as 

fibroblast-derived viruses (data not shown). A sufficient virus titer was nevertheless 

obtained to carry out the neutralization assays as usual. As can be deduced from Fig. 5.14, 

the antibodies did not exhibit dramatic variances in their neutralization capacity towards 

the different viruses, rather independent of the cell type that was used as target for 

infection. Correspondingly, a comparable neutralizing activity was seen when epiTB40/E 

and fibroTB40/E were tested on endothelial cells (data not shown). Either virus was readily 

neutralized by both, gB-specific antibodies binding to a variety of target structures within 

gB (AD-2, -4, and -5) as well as gH-specific antibodies, with perhaps a slightly lower 

neutralization efficiency on fibroblasts compared to epithelial cells. The latter 

phenomenon was seen for all antibodies under investigation, suggesting that it was an 

assay-related observation rather than an antibody- or virus-related observation. In any 

case, viruses originating from both cell types were efficiently neutralized indicating that 

the antibodies investigated here would also have a robust neutralization profile in an in 

vivo situation. 
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Fig. 5.14 Neutralization assays with viruses originating from different cell types. 

Neutralizing activity of antibodies was tested against fibroblast-derived (fibroTB40/E) or epithelial cell-
derived (epiTB40/E) viruses that were used to infect fibroblasts (HFF) or epithelial cells (ARPE-19). The 
antibodies investigated are indicated above the graph with their respective viral target given in brackets. The 
curves represent the mean (± SEM) of 1 to 3 experiments. 
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5.2.3 Inhibition of Cell-to-Cell Spread by gB-specific Antibodies 

An important feature of HCMV infection and dissemination is the ability of the virus to be 

directly transmitted from one cell to another, a phenomenon called “cell-to-cell spread” 

(310, 311). This cell-associated mode of transmission is preferentially observed for fresh 

clinical HCMV isolates during the first passages in cell culture (312). Furthermore, in cell-

free blood samples of infected individuals, free HCMV virions are rarely detected (313) 

indicating that CMV dissemination in vivo mostly occurs via direct cell-to-cell spread (314). 

Early studies showed that cell-to-cell spread can be reduced by monoclonal antibodies 

directed against gB or gH (25). In addition, a cell type-specific effect has been proposed, 

since a HCMV-convalescent serum did not prevent cell-associated spread in fibroblasts but 

efficiently blocked cell-to-cell spread in epithelial cells (315). 

To investigate if cell-to-cell spread could be inhibited by gB-specific antibodies in general 

and AD-5-specific antibodies in particular, different target cells were infected with a YFP-

expressing HCMV stain TB40/E (TB40/E-IE2-YFP, for details see 7.3.4) for 4 h and after 

removal of the virus inoculum, neutralizing antibodies were added to the cells at a 

concentration ensuring complete neutralization. The neutralizing antibody 1G2 was 

chosen as a representative AD-5-specific antibody. In addition, other neutralizing gB-

specific antibodies (SM5-1; AD-4 and C23; AD-2) were included as well as the gH-specific 

neutralizing mab 14-4B. The non-neutralizing anti-AD-1 mab (27-287) served as negative 

control. To determine normal focal spread, one set of infected cells was left untreated 

(virus only). Spread of individual foci was monitored by fluorescence microscopy and the 

number of infected cells per focus was determined every day or every second day for up 

to 8 (fibroblasts) or 14 (epithelial cells) days. Extent of neutralizing capacity of the mabs 

was examined at d 14 post infection and was found to not have decreased over time (data 

not shown). 
 

 
Fig. 5.15 Inhibition of cell-to-cell spread by neutralizing antibodies. 

HFF (A) or ARPE-19 (B) were infected with a YFP-expressing HCMV strain TB40/E (TB40/E-IE2-YFP) and 
subsequently cultivated in the absence (virus only) or presence of virus neutralizing antibodies (50 µg/ml). 
The specific target of each antibody is indicated in brackets and a non-neutralizing antibody (27-287) was 
included as negative control. Spread of individual foci was monitored every day or every second day by 
fluorescence microscopy. Number of infected cells per focus was counted. Curves give the mean (± SEM) of 
8 to 40 individual foci. 
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The cell-to-cell spread assay revealed that neutralizing antibodies, no matter which 

specificity they hold, were not able to efficiently prevent cell-associated spread of virus in 

fibroblasts (Fig. 5.15, A). A maximal inhibition of focal spread of approximately 25% could 

be detected for mabs 1G2 and C23. However, when the same assay was performed on 

epithelial cells, neutralizing antibodies completely prevented focal spread of the virus (Fig. 

5.15, B). The results of the cell-to-cell spread assay mirrored on a monoclonal antibody 

level what has been described in the literature for HCMV-convalescent sera: neutralizing 

HCMV antiserum was able to prevent viral spread in endothelial cells. In contrast, when 

fibroblasts were treated with a neutralizing human antiserum, infection by free virus was 

blocked but a focal spread of virus was still possible, indicating that for fibroblasts a direct 

cell-to-cell spread mechanism might be possible (308, 315-317). In fact, recent data 

supported the assumption that fusion events between productively infected fibroblasts 

and their neighboring uninfected cells might contribute to focal spread of HCMV (310). In 

summary, the AD-5 antibodies did not differ in their ability to prevent cell-to-cell spread 

from other gB- or gH-specific neutralizing mabs. 

 

5.2.4 Neutralizing Activity of Antibody Fab Fragments 

Studies from the field of HSV have reported on neutralizing murine antibodies that target 

a region in HSV-1 gB corresponding to AD-5 of HCMV gB (318, 319). Both studies looked at 

the impact of valency of the antibodies on neutralization and two distinct observations 

were made. Either, bivalent binding of the antibody to the antigen was prerequisite for 

virus neutralization, since the Fab fragment showed an up to 375-fold lower neutralizing 

activity compared to the parental IgG (319). Or, fab fragments exhibit an improved 

neutralizing activity (8-fold) as compared to the whole IgG molecule (318). Beyond that, 

for HCMV gB a number of antibodies obtained from a human antibody library have been 

described that possess neutralizing activity only as IgG molecules, not as Fab fragments 

(320). In order to address the question of the impact of antibody valency on the 

neutralizing activity of anti-AD-5 antibodies used in this study, antibody Fab fragments had 

to be generated. 

 

5.2.4.1  Preparation of Fab Fragments 

For initial studies Fab fragments of the antibodies 1G2, SM10 and 2C2 were kindly 

provided by 4-Antibody AG (Jena, Germany). These were prepared in the same way as 

described below but omitting the final polishing via size exclusion chromatography. Since 

a larger amount of the 1G2 Fab was needed for crystallization studies within the scope of 

a collaboration project (Collaboration with E. Heldwein, Tufts University, Boston, MA), the 

1G2 Fab was prepared in-house as follows. Between 10 to 40 mg of 1G2 IgG were digested 

using the Pierce™ Fab Preparation Kit. 250 µl immobilized papain per 2.5 mg of 1G2 IgG 

were incubated at 37°C for up to 18 h. Progression of digestion was confirmed by SDS-

PAGE and Coomassie staining (Fig. 5.16), where in addition to the protein bands at 50 kDa 
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(IgG heavy chain) and at 23 kDa (IgG light chain) a new single band at 30 kDa (cleaved IgG 

heavy chain) became prominent over time. At the same time the IgG heavy chain band 

(50 kDa) gradually disappeared, indicating successful digestion of the IgG molecule. 

 

 

 

Subsequently, undigested IgG and Fc-fragments were removed by protein A affinity 

chromatography. The sample was then concentrated and dialyzed. Purity and integrity of 

the 1G2 Fab fragment was analyzed by SDS-PAGE under reducing and non-reducing 

conditions (Fig. 5.16). The absence of residual IgG or Fc-fragments from the purified 1G2 

Fab fragment was confirmed by western blot analysis (data not shown). For final polishing 

of the 1G2 Fab fragments, the sample was purified by size exclusion chromatography using 

a HiLoad 16/60 Superdex 75 prep grade column on an ÄKTA™purifier. Fractions of 2 ml 

volume were collected and analyzed by SDS-PAGE under non-reducing conditions (see Fig. 

5.17). The fractions containing monomeric 1G2 Fab fragment (fractions #40 to 46) were 

pooled and the specific protein concentration was determined by NanoDrop™ using the 

protein’s molecular weight and molar extinction coefficient. 

 

 
 

Fig. 5.17 Elution profile of 1G2 Fab fragment size exclusion chromatography. 

SDS-PAGE and Coomassie staining of eluate fractions of the 1G2 Fab fragments following size exclusion 
chromatography using a HiLoad 16/60 Superdex 75 prep grade column. 10 µl of each fraction was loaded 
onto a 12.5% PAA gel without β-ME. The 1G2 Fab fragment with a molecular weight of approximately 43 kDa 
is visible as a band in the gel. 

  

Fig. 5.16 Papain digestion of 1G2 antibody. 

SDS-PAGE using a 12.5% PAA gel to separate 
samples from an 1G2 IgG papain digestion to 
give rise to antibody Fab fragments. (1) Papain 
digestion of the 1G2 IgG with the incubation 
period indicated. (2) Protein A affinity chromato-
graphy for separation of the Fab fragment (Fab 
ProtA) from undigested IgG and Fc-parts. (3+4) 
Purified and concentrated Fab fragment loaded 
with (3) or without (4) β-mercaptoethanol 
(β-ME). Approximate molecular weight of the 
individual antibody fragments in the presence of 
β-ME:  IgG heavy chain, 50 kDa; IgG light chain, 
23 kDa; Fc-fragment, 30 kDa. Fab fragment in the 
absence of β-ME, 43 kDa. 
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5.2.4.2  Analysis of the Neutralizing Activity of Fab Fragments 

The neutralizing activity of antibody Fab fragments was tested using the luciferase-

expressing HCMV strain AD169 on fibroblasts. The neutralization assay was performed as 

described previously. All Fab fragments generated from AD-5-specific antibodies were able 

to neutralize virus, indicating that bivalent binding of the antibodies was not required to 

mediate neutralization. 

 

 
Fig. 5.18 Neutralization capacity of antibody Fab fragments. 

(A) Fab fragments of the AD-5-specific antibodies were tested for their neutralizing activity on HFF using 
HCMV strain AD169 (275 pfu/well). The AD-4-specific IgG SM5-1 was used as positive control. 
(B) Neutralizing activity of the parental 1G2 IgG, the monovalent 1G2 Fab fragment and a 1G2 Fab, where 
bivalency was restored by incubation with murine anti (a)-Fab IgGs (1:250) for cross-linkage, was assessed. 
Cells and virus were as described in (A). 

 

Fig. 5.18, A shows that the antibody Fab fragments neutralized with IC50s between 0.5 and 

1.2 µg/ml, i.e. comparable to the parental IgGs (Tab. 5.2, p 33), with 2C2 showing the 

lowest activity of all Fab fragments tested. This is in accordance with the observation that 

the 2C2 Fab fragment exhibited the lowest binding affinity to soluble gB (Tab. 5.1). For the 

AD-4-specific antibody SM5-1 it has been reported that the Fab fragments of this antibody 

retained the same IC50 as the parental IgGs. However, virus neutralization was incomplete 

(maximal activity was 80% neutralization) but could be restored by cross-linking the Fab 

with an anti-Fab IgG (293). The Fab fragments tested here, to the contrary, were able to 

completely neutralize the viral input with an IC100 between 2.5 and 5 µg/ml. Therefore, 

cross-linkage apparently did not influence neutralization. This is further supported by the 

observation that cross-linking the 1G2 Fab molecule by incubation with murine anti-Fab 

antibodies, exactly as described for the SM5-1 Fab, neither improved nor impaired the 

neutralizing activity of the 1G2 Fab (Fig. 5.18, B), indicating that the antiviral activity can 

solely be traced back to the individual Fab molecule. The slight 2.4-fold decrease in IC50 

from the parental 1G2 IgG (1.2 µg/ml) to the 1G2 Fab (0.5 µg/ml), which could be 

observed in the latter neutralization assay, might have been the result of a more precise 

protein concentration determination for the gel filtration-purified Fab fragment when 

compared to the parental IgG (see also Fig. 5.16, p 37). An alternative explanation could 

be an increased flexibility of the Fab fragment or the Fab plus the anti-Fab antibody in 

comparison to the corresponding IgG1 molecule which led to a better accessibility of the 
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epitope by the Fab. In any case, this possible higher access did not influence the 

neutralizing activity to the same extent as described for other gB-specific Fab fragments 

(318). 

 

5.2.5 The Role of Complement in Neutralization by AD-5-specific Antibodies 

A complement-dependent enhancement of neutralizing activity of HCMV-convalescent 

sera has been described in the literature (321-324). In fact, the majority of gB-specific 

monoclonal antibodies obtained from immunization studies or a human antibody library 

seemed to be complement-dependent (299, 301, 320). In contrast, human gB-specific 

mabs have also been described that have complement-independent neutralizing activity 

(281). Since all previous neutralization assays were carried out in medium without the 

addition of complement, we next investigated whether the presence of complement 

might alter the neutralizing activity of gB-specific antibodies. The influence of complement 

on neutralization capacity of monoclonal antibodies was tested by inclusion of 

Low-Tox®-M rabbit complement (5% final concentration) in the neutralization assay. As a 

control for complement-depended neutralization, the murine anti-gN antibody 14-16A 

(325) was included, which only neutralizes in the presence of complement. The antibody 

SM5-1 was shown to neutralize complement-independent (326) and was used as 

additional control (data not shown). 

Addition of complement had no influence on the neutralization capacity of the AD-5-

specific mabs (Fig. 5.19). In line with the results for SM5-1, mab 1G2 exhibited no 

significant complement-dependent change in neutralization potency, which is in 

agreement with previous reports on gB-specific human mabs (281). 

 

 
Fig. 5.19 Neutralizing activity of HCMV-specific 

antibodies in the absence and presence of 

complement. 

The neutralization assay with the AD-5-specific 

antibody 1G2 was performed in the absence ( ) 
or presence ( ) of Low-Tox®-M rabbit 
complement at a final concentration of 5%. The 
complement-dependent neutralizing gN-specific 
antibody 14-16A was used as positive control.  
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5.2.6 Mechanistic Aspects of Virus Neutralization by gB-specific Antibodies 

To get insights into the mechanistic aspects of neutralization mediated the gB-specific 

antibodies in general and AD-5-specific antibodies in particular, the question of whether 

the antibodies might block an early stage of virus entry into cells was addressed. gB 

together with gH/gL constitutes the core fusion machinery (50). Additionally, a receptor 

binding function of gB has been postulated (327) and different potential receptors have 

been described in the past (71, 73, 255). We therefore analyzed at which stage of the 

infection the neutralizing antibodies exerted their action (176). Two different assays were 

utilized, the first investigating virus adsorption and the second looking at virus penetration 

into the cells. 

To assay influence on adsorption of virus to the cell surface, the HCMV strain AD169 was 

pre-incubated with the individual antibodies for 1 h at 37°C at concentrations ensuring 

complete neutralization. Heparin was included as a positive control for block of virus 

attachment (63). Next, the virus-antibody mixture was added to pre-cooled target cells 

and incubated for 1 h at 4°C to allow virus attachment but to prohibit virus penetration. 

Residual free virus was removed by three wash steps with ice-cold PBSo. The number of 

HCMV DNA copies attached to the cells was subsequently determined by quantitative real 

time PCR and percent adsorption was calculated as a function of the virus only control, 

where no antibody was added. 

Neither AD-5-specific nor any other gB-specific neutralizing antibody was able to inhibit 

attachment of virions to the cell surface (Fig. 5.20, A), indicating that block of receptor 

binding might not be the mode of action here. In contrast, HCMV was shown to initially 

bind to cell-surface HSPGs and this initial attachment could be readily blocked by pre-

incubation of the virus with heparin as described previously (63). Moreover, in accordance 

with previous reports, the AD-2-specific mab C23 had no effect on virus binding (276). The 

slight increase of bound virus in the presence of antibodies as compared to the virus only 

control might reflect deposition of antibody-virus aggregates on the surface of cells. 

 



Results 41 

 

 
Fig. 5.20 Mechanistic aspects of virus neutralization by gB-specific antibodies. 

(A) HCMV strain AD169 (0.5 moi) was incubated with the indicated antibody for 1 h at 37°C and then cooled 
to 4°C. The virus-antibody mixture was incubated with HFF monolayers for 1 h at 4°C to allow virion 
attachment. Following removal of free virus, cell lysates were prepared and processed for quantitative real-
time PCR analysis. The virus only sample was set to 100% and used to calculate % adsorption. Antibody 
concentrations were 10 µg/ml for SM10, 2C2, 1G2 and SM5-1 and 5 µg/ml for C23. Heparin was used at 
2 µg/ml. (B) HFF monolayers were pre-adsorbed with HCMV strain AD169 (0.2 moi) at 4°C for 1 h. Antibody 
at the indicated concentrations was added and the culture was shifted to 37°C. Extent of infection was 
analyzed 48 h later and calculated relative to the virus only control (100%). Values give mean ±SD (n=2-3). 

 

Next, the ability of the antibodies to prevent penetration of virus, which had already been 

adsorbed to the cells, was investigated. To this end, luciferase-expressing HCMV strain 

AD169 was pre-adsorbed to HFF for 1 h at 4°C before antibody was added in log10 dilutions 

starting at 10 µg/ml. Then, the cultures were immediately shifted to 37°C to allow for virus 

penetration. Subsequent steps were carried out according to the virus neutralization assay 

and extent of infection was calculated as a function of the virus only control. All 

neutralizing antibodies were capable of neutralizing HCMV at a post-adsorption step 

independent of their target structure within gB (Fig. 5.20, B). A non-neutralizing antibody 

(ITC52, AD-1-specific), on the contrary, did not block virus penetration into the cells. The 

higher antibody concentration that was required to completely neutralize adsorbed virus 

could be explained by the need to block fusion of an already adsorbed virus particle. The 

AD-2-specific antibody C23 was previously shown to be able to inhibit virus penetration 

into cells (276). Hence, the same post-adsorption neutralizing activity could be confirmed 

for other gB-specific human neutralizing antibodies including the AD-5-specific mabs 

(SM10, 2C2, 1G2) and the AD-4-specific mab SM5-1. 

The exact mechanism by which antibody-mediated neutralization occurs, however, could 

not be determined by the studies described above, since the virus has to undertake a 

diverse series of steps from the initial attachment to the cell surface to fusion and release 

of the capsid into the cell. 
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The neutralization-related features of the anti-AD-5 antibodies under investigation in this 

study can be briefly summarized as follows: i) The antibodies neutralized different virus 

strains on different target cells with a comparable activity in the nanomolar range. ii) They 

exhibited neutralizing activity towards different virus populations infecting varying cell 

types. iii) They inhibited cell-to-cell spread in epithelial cells. iv) Bivalent binding of the 

antigen was not necessary since the antibody Fab fragments were capable of 

neutralization. v) The antibodies neutralized in a complement-independent manner. 

vi) They did not prevent virus attachment but functioned at a post-adsorption step. 

Overall, the antibodies investigated exhibited a robust neutralization profile in all in vitro 

assays systems tested. 

 

5.3  Identification of Residues Critical for Antibody Binding 

To better understand the target structures on gB that are important for neutralization of 

free virus, we characterized the functional epitopes of neutralizing human antibodies 

within AD-5 in detail. In a first set of experiments the residues critical for antibody binding 

were identified. In a second set of experiments, recombinant viruses were constructed 

that carried amino acid exchanges at the identified antibody target site. These 

recombinant virus mutants were used to confirm results from antibody binding studies in 

the viral context and to analyze the influence of these mutations on susceptibility to 

neutralization by the respective AD-5-specific human mabs. 

 

5.3.1 Competition Analysis of AD-5-specific Antibodies 

The initial approach was to examine the ability of the antibodies to block each other from 

binding to gB. To this end, a competition assay was performed in an ELISA format. The 

anti-AD-5 antibodies were biotinylated. Then, the antibodies were titrated on gB to 

determine a concentration for the competition ELISA that was well below saturation but at 

which the antibody was still readily detectable (approx. OD450 = 1). The concept of the 

competition ELISA was as follows: If the biotinylated antibody was kept at a constant 

concentration, pre-incubation with a blocking antibody would result in reduced binding of 

the biotinylated antibody to gB measured as a decrease of the OD450 value. If the antibody 

in question could not block binding to gB, the OD450 signal would remain unchanged, even 

at high concentrations. 

 



Results 43 

 

 
Fig. 5.21 Competition analysis of anti-AD-5 antibodies for gB binding. 

An ELISA was performed with 25 ng soluble gB as antigen. Antibodies were added in serial log2-dilutions 
starting at 10 µg/ml followed by incubation with the respective biotinylated anti-AD-5 mab as indicated 
above the graph. Binding of biotinylated antibody was detected by HRP-conjugated Streptavidin. The thick 
dashed line represents the OD450 value and the thin dashed lines the range of the biotinylated antibody at a 
constant concentration in the absence of competing antibody (n=5). The lower dotted line gives the 
background. Concentrations of biotinylated antibody were 0.45, 0.13 and 0.12 µg/ml for SM10, 2C2 and 
1G2, respectively. 

 

The antibodies SM5-1 (AD-4-specific) and C23 (AD-2-specific) were used as control for no 

competition and the respective non-biotinylated anti-AD-5 mab itself as a control for 

maximal competition at a >20-fold concentration excess. The competition ELISA revealed 

that in contrast to the antibodies SM5-1 or C23, the AD-5-specific antibodies SM10, 2C2 

and 1G2 showed strong competition with each other for binding to gB in ELISA (Fig. 5.21). 

This was also confirmed when soluble AD-5 was used as antigen in ELISA (data not shown). 

A similar phenomenon has been described for antibodies targeting sites located in close 

structural proximity in other herpesviral glycorproteins (328, 329). By analogy, this result 

indicated that the antibodies share a common binding structure on AD-5 of HCMV gB 

which might be of general importance for the gB-directed neutralizing antibody response, 

since mabs specific for this structure were independently isolated from three donors.  

 

5.3.2 Identification of Residues Critical for Antibody Binding to AD-5 

In order to obtain a detailed map of the residues that are critical for antibody binding, a 

di-alanine scan of AD-5 was performed. Due to the size of the AD-5 protein domain 

(211 aa), a hypothesis-driven rather than a statistical approach was used to select residues 

considered for mutation. To this end, candidate residues were identified based on the 

structural model of HCMV gB (see also Fig. 3.2, p 10). In the first step, residues with a 

solvent-exposed surface area larger than 50 Å2 were identified and subsequently grouped 

into spatially proximal pairs of residues to give rise to a set of 16 di-alanine AD-5 mutant 

proteins (Fig. 5.22). 
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Fig. 5.22 Structural models of the AD-5 mutant proteins. 

AD-5 is displayed as a ribbon diagram and residues exchanged to alanine are highlighted as red spheres. Per 
construct two surface exposed residues in close proximity were exchanged to alanine with respective amino 
acid positions in gB of HCMV strain AD169 indicated atop. 

 

The DNAs for expression of AD-5 and its mutant derivatives were chemically synthesized 

by Life Technologies and cloned into the pcUL132-sigHA expression vector (330). This 

pcDNA3.1-based plasmid encoded an authentic signal sequence for translocation of the 

expressed protein to the endoplasmatic reticulum and to direct the protein to the 

secretory pathway. Furthermore, to enable monitoring of expression of the full-length 

protein, an N-terminal HA-tag and a C-terminal myc-tag were included, each connected to 

the protein by a 5×GS-spacer. Binding of the anti-AD-5 antibodies to AD-5 and its mutant 

derivatives was first analyzed by indirect immunofluorescence of transiently transfected 

Cos7 cells. The anti-HA and anti-myc antibodies confirmed expression of the AD-5 mutant 

proteins. A representative selection of indirect immunofluorescence results is illustrated in 

Fig. 5.23, A. In summary, the antibodies were able to bind all AD-5 di-alanine mutants 

tested, albeit for some mutants a slightly lower signal intensity was observed (data not 

shown). Yet, the one striking exception was found to be the SM10 antibody, which 

exhibited complete loss of binding to AD-5 mutant N293D295, indicating that one or both 

mutated residues were involved in SM10 binding to AD-5. For the other mutants that 

showed a weaker signal in indirect immunofluorescence (AD-5 mutants W174H177, N208K209 

and the combinations of F300, N302, T304 and/or H319), loss of signal was on the one hand not 

as prominent as for SM10/AD-5 N293D295. On the other hand it was observed to the same 

extent for all antibodies. This suggested that the seemingly weaker binding was more 

likely a result of insufficient protein expression than of reduced antibody binding. 

Moreover, the same observation, i.e. lower protein expression for these mutants, was 

made when HEK 293T cells were transfected to produce AD-5 mutant protein-containing 

supernatants, which were subsequently tested for antibody binding in a capture ELISA 

system (data not shown). 
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Fig. 5.23 Binding analysis of anti-AD-5 antibodies to AD-5 and its mutant derivatives. 

(A) Cos7 cells were transiently transfected with AD-5 wt (AD-5-HA/Myc) and its mutant derivatives. 48 h post 
transfection, cells were fixed and subjected to indirect immunofluorescence analysis using the anti-AD-5 
antibodies and an anti-HA antibody as control. Antibody binding was detected with an appropriate FITC-
conjugated secondary antibody. Cell nuclei were stained blue with DAPI. (B) Capture ELISA of AD-5 wt and 
mutant proteins. Recombinant AD-5 proteins were captured from the cell culture supernatant of transfected 
HEK 293T cells via an anti-HA mab and tested with the anti-AD-5 antibodies for binding to the mutant 
proteins. To control for equal amounts of captured protein an anti-myc antibody (control) was included. 
OD450 values of AD-5 wt were set to 100% for each antibody and percent recognition of mutants was 
calculated. 

 

Loss of SM10 binding to mutant N293D295 could be confirmed using the capture ELISA 

system. Mutation of other residues in AD-5 did neither influence SM10 nor 1G2 or 2C2 

binding to AD-5 (representative results given in Fig. 5.23, B). Hence, residues N293 and/or 

D295 were identified as critical for SM10 binding. To determine which of the two residues 

was vital for the SM10/AD-5 interaction, mutants carrying the respective single amino acid 

exchanges to alanine were included in a second set of AD-5 mutants (Fig. 5.24). Since the 

first set of mutants did not lead to the identification of critical binding residues for the 

antibodies 1G2 and 2C2, new residues were considered for mutation to alanine that were 

not included in the first set, for example the AD-5 mutants F298F300, Y280 or N284N286. The 

complete second set of mutants is given in the appendix (Fig. 10.1, p 129). After obtaining 

first evidence that mutant N284N286 showed reduced 1G2 binding and that residue Y280 

might be involved in binding of all three AD-5-specific antibodies (data not shown), 

combinations of all mutants under consideration were generated (Fig. 5.24, A and B). Note 

that all mutants resided in close structural proximity to the initially identified N293D295 

motif.  

As outlined above, the corresponding DNAs were chemically synthesized and cloned into 

the pcUL132-sigHA expression vector including the HA-tag, the myc-tag and the 5×GS-

spacers. In addition, the new mutants were designed to include AD-4 (gB aa 116-132 and 

344-438), the discontinuous sequence surrounding AD-5 (Fig. 3.2, p 10). Since AD-4 

appeared to adopt a very stable conformation upon expression of the isolated protein 

domain in eukaryotic cells and even in E. coli (293), we hoped that including AD-4 in the 

expression constructs would stabilize the AD-5 conformation. In fact, preliminary data 

using an un-mutated AD-4/5 construct confirmed higher protein expression levels and 

increased recognition by the anti-AD-5 mabs ((291) and data not shown). Moreover, in 
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AD-4/5 mutants of the second set, the fusion loops were mutated to their less 

hydrophobic HSV-1 gB counterparts (YIY155-157 and W240 to GHR and A) to prevent protein 

aggregation which has been described to be mediated by the hydrophobic residues of the 

fusion loops of full-length gB and could be prevented by introducing these amino acid 

exchanges (23). 

 

 
Fig. 5.24 Summary of the second set of AD-4/5 mutant proteins. 

(A) Surface (left) and ribbon (right) diagram of AD-5 with the individual residues exchanged to alanine 
highlighted in different colors. Only AD-5 is depicted for clarity. (B) Summary of new AD-4/5 mutants with 
their relative location in gB given in the sequence panel. Color coding according to (A). (C) Capture ELISA 
result for AD-4/5 wt and mutant derivatives. The ELISA assay was carried out as log2 dilution titration to 
exclude antibody saturation and data from the linear range of the assay are shown (mab concentration 
0.031 µg/ml). OD450 values of AD-4/5 wt were set to 100% and percent recognition of mutants was 
calculated for each antibody. Equal amounts of captured protein were confirmed by the AD-4-specific mab 
SM5-1 (control). 

 

Finally, the constructs were transiently transfected in HEK 293T cells and 4-6 d post 

transfection, the AD-4/5 mutant protein-containing supernatant was harvested. Since 

AD-4 was included in the expression constructs, the AD-4-specific mab SM5-1 was used to 

adjust the protein amounts used for the capture ELISA prior to performing the 

experiment. The protein was captured from the cell culture supernatant using an anti-HA 
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mab and tested for recognition by the anti-AD-5 antibodies in ELISA. The AD-4-specific 

mab SM5-1 confirmed comparable protein amounts and structural integrity. Importantly, 

all antibodies were used in log2 dilutions to exclude antibody excess and to give a more 

quantitative estimation on binding properties. 

When examining the individual antibodies, an antibody-specific pattern of mutant protein 

recognition was observed (Fig. 5.24, C). For the SM10 antibody, AD-5 residues Y280, N293 

and D295 were identified as critical for binding. Mutants involving combinations of Y280, 

N293 and/or D295 showed complete loss of AD-5 recognition by SM10 while mutants 

harboring only one single amino acid exchange retained residual binding activity. Hence, 

the combinatorial mutation of two to three residues was required for complete loss of 

SM10 binding to AD-5. Mutation of Y280 also abolished binding of 2C2 and 1G2, indicating 

that Y280 is a critical binding partner for all three antibodies. The combinatorial mutation of 

N293D295 also resulted in slightly weaker AD-5 recognition by the 2C2 mab. In addition, 

mutation of N284 to alanine reduced and the combined mutation of Y280 and N284 

completely abolished binding of mab 1G2 to AD-5, suggesting an involvement of both 

amino acids in the 1G2/AD-5 interaction. In contrast, mutation of N286 did not affect 

binding of any AD-5-specific antibody. 

In summary, the mutational study of AD-5 revealed that binding of all three antibodies to 

recombinant AD-5 is sensitive to mutation of Y280 in combination with other surface 

adjacent residues, i.e. Y280N293D295 for SM10 and Y280N284 for 1G2. Of note, none of the 

AD-5-specific antibodies targeted the fusion loops, but they shared critical binding 

residues in a highly conserved region within AD-5. 

 

5.3.3 Generation and Replication Capacity of AD-5 Virus Mutants 

To determine whether the residues identified as critical for antibody binding to AD-5 were 

also crucial for the neutralizing activity of the antibodies, the impact of mutation of these 

residues was further analyzed in the viral context. At this point, it should be noted that the 

3D model of gB (Fig. 3.2, p 10) most likely represents the postfusion conformation of the 

protein. However, on the infectious virus particle gB would need to adopt a prefusion 

conformation, a fusion-active structure that has not yet been defined. As there might be 

significant structural differences between the post- and prefusion form of the protein, the 

results of antibody binding assays using AD-5 or AD-4/5 expressed in isolation might not 

be equivalent to antibody binding to virion gB. 

In order to confirm a correlation between antibody binding to AD-5 and neutralization 

capacity, recombinant viruses were constructed to carry the respective amino acid 

exchanges to alanine in AD-5 (see also Fig. 5.26). To this end, the “en passant“ markerless 

BACmid mutagenesis protocol by Tischer et al. (331) was used as described in detail in 

section 7.1.10. In total, 13 recombinant viruses with single, double, or triple amino acid 

exchanges were generated in the background of the luciferase-expressing HCMV strain 

TB40/E. 
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To determine viral replication kinetics, HFF were infected and virus-containing 

supernatants were harvested on days 2, 8, 12 and 16 post infection. The virus titer was 

subsequently determined by log2 virus titration using the luciferase expression-based titer 

determination assay (for details see 7.3.2.2). Since not all viruses could be tested 

simultaneously, Fig. 5.25 gives the summary of the replication kinetics analysis. Every 

recombinant virus was tested at least twice and compared to TB40/E gB wt. Overall, 

introduction of mutations in AD-5 did not dramatically impair virus replication (Fig. 5.25). 

A slight delay in onset of virus replication was observed for mutants that involved D295 

and/or Y280 and their combination with N293 (Fig. 5.25, B). This resulted in a 10-fold lower 

titer compared to TB40/E gB wt at day 16 post infection. In summary, however, all 13 

recombinant viruses were replication-competent indicating that none of the amino acid 

exchanges significantly compromised gB function. 

 

 

 
Fig. 5.25 Replication kinetics of AD-5-mutated recombinant viruses. 

HFF were infected at a moi of 0.3-0.04 and cell culture supernatants were harvested on day 2, 8, 12 and 16 
post infection (p.i.). To determine virus titers, HFF monolayers were infected with the cell culture 
supernatants or a control virus of established titer in log2 dilution titrations and 48 h later luciferase activity 
was measured. Titers in infectious units (IU)/ml were calculated as a function of the control virus. The mean 
(±SD) of two independent experiments is given and depicted in two panels (A and B) for clarity. 
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5.3.4 Susceptibility of AD-5-mutated Viruses to Neutralization 

Having successfully generated replication-competent viruses that carried alanine substi-

tutions at the critical antibody binding sites, their susceptibility to neutralization by AD-5-

specific antibodies was analyzed. To that end, the viruses were incubated with log2 

dilutions of the anti-AD-5 antibodies for 1 h at 37°C. The antibody-virus mixtures were 

added to HFF for 4 h to allow infection. The inoculum was removed and 48 h later 

luciferase activity was measured and percent neutralization calculated. For all 

neutralization assays involving the AD-5 mutant viruses, two non-AD-5-specific human 

neutralizing antibodies were included as controls, namely mabs C23 (AD-2) and SM5-1 

(AD-4). Since the target structures of the latter two antibodies lay well outside of AD-5, 

their neutralization capacity should not be influenced by mutations in AD-5. A summary of 

the neutralization analysis with IC50 values of the individual antibodies towards virus 

mutants is provided in Fig. 5.26, respective neutralization curves in Fig. 5.27. 
 

 
Fig. 5.26 IC50s of anti-AD-5 antibodies for AD-5-mutated recombinant viruses. 

Recombinant TB40/E viruses were constructed to carry amino acid exchanges to alanine at the locations 
indicated in red in the sequence panel. TB40/E wt and virus mutants were tested for susceptibility to 
neutralization by the anti-AD-5 antibodies on fibroblasts. The IC50 was determined and is given in µg/ml. 
Values represent median of 2 to 10 experiments. Red, IC50 was not reached at the indicated concentration; 
orange, reduced neutralizing activity; green, no significant change in neutralization. 

 

As expected, the IC50 values of both control antibodies (C23 and SM5-1) were largely 

unaffected by mutations in AD-5 and remained in the expected range of inter-assay 

variations. In contrast, the anti-AD-5 antibodies showed a distinct and antibody-specific 

pattern of loss of neutralizing activity towards the virus mutants that mirrored the overall 

result of the binding studies (Fig. 5.27). In comparison to the binding assays, the effect of 



50 Results 

 

single amino acid exchanges appeared to be more pronounced in the context of virion gB 

than in the isolated AD-4/5 mutant protein. For example, while the 1G2 antibody 

maintained residual binding activity to mutant N284 in the recombinant AD-4/5 protein 

(see Fig. 5.24, p 46), this antibody had no neutralizing activity against the TB40/E gB N284 

virus mutant (see Fig. 5.27, p 51). The same observation was made for individual mutation 

of residues N293, D295 or Y280 concerning SM10 antibody binding vs. neutralizing activity, 

indicating that each of the residues was crucially involved in epitope formation, either by 

representing key residues that directly interacted with the antibody via their side chains or 

by influencing the proper local folding of the gB protein necessary for formation of the 

epitope conformation. 

Overall, the mutation of residue Y280 alone or in combination with other surface-adjacent 

residues rendered the virus resistant to neutralization by any of the AD-5-specific 

antibodies investigated here (Fig. 5.27). In addition to complete loss of neutralizing activity 

towards all virus mutants involving Y280, mab 2C2 exhibited reduced neutralizing activity 

for viral mutants N284, N293, N293D295 and F298F300, indicating that recognition of gB by the 

2C2 antibody appeared to be sensitive to local changes in the gB surface properties that 

surround the identified antigenic structure. The 1G2 antibody failed to neutralize virus 

mutants Y280, N284 and all viruses that contained these mutations. In the case of mab 

SM10, recombinant viruses containing mutations at N293 and/or D295 alone or in addition 

to Y280 were resistant to the neutralizing activity, findings that were consistent with results 

from the binding assays. Interestingly, SM10 showed more potent neutralization of virus 

mutant N284 or N284N286, which mab 1G2, in contrast, failed to neutralize. In fact, the 

neutralizing activity of SM10 towards Y280 could be partially rescued with a supplementary 

mutation of N284. Thus, mutation of N284, while abolishing sensitivity to neutralization by 

1G2 rendered the virus more sensitive to neutralization by SM10. A similar enhancement 

of neutralization sensitivity was seen for mabs 1G2 or 2C2 in viruses containing the 

mutation of N286 to alanine. Both antibodies needed an approximately 3-fold lower IgG 

concentration to neutralize 50% of N286-mutated input virus compared to the 

TB40/E gB wt. Interestingly, for the 2C2 antibody the same near 3-fold rescue effect was 

observed when N284 plus N286 were mutated (TB40/E gB N284N284, IC50 5 µg/ml) compared 

to single mutation of N284 (IC50 14 µg/ml), with 2C2 being sensitive to the latter mutation 

as it is. 
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Fig. 5.27 Neutralization capacity of anti-AD-5 antibodies against viral mutants. 

Recombinant viruses harboring mutations in AD-5 were incubated with the indicated AD-5-specific mab for 
1 h and HFF were infected with the virus-antibody mixture. Medium was changed 4 h after infection and 
48 h later the extent of infection was quantified as a measure of luciferase activity. Percent neutralization 
was calculated as a function of the control wells treated with no virus or no antibody. 

 

When a subset of virus mutants was tested for sensitivity to neutralization by anti-AD-5 

antibodies on epithelial cells (ARPE-19), the same increase in neutralization susceptibility 

or resistance to neutralization was observed (Fig. 5.28), signifying that this effect is not cell 

type-specific but rather specific for the recombinant virus tested. Here, the enhancement 

of 1G2 mab neutralizing activity towards virus mutant N286 was up to 6-fold, with the IC50 

for TB40/E gB wt being reached at 3 µg/ml and for TB40/E gB N286 at 0.5 µg/ml. Respective 

neutralization curves can be found in the appendix 10.1.2 on page 130 (Fig. 10.2). 
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A greater sensitivity to neutralization as a result of point mutation of individual asparagine 

(N) residues has been described for other viral systems such as HIV or influenza and was 

often related to loss of N-linked glycans at the site of mutation (332-335). AD-5 contains 

five potential N-linked glycosylation sites. Of these five sites, four are predicted to be 

glycosylated in the full-length gB protein (for details see Fig. 6.6, p 69). Indeed, when AD-5 

was expressed individually in HEK 293T cells, a considerably higher molecular weight band 

(approx. 43 kDa) was observed in western blot analysis compared to the predicted 

molecular weight of the isolated AD-5 protein sequence (29 kDa). Furthermore, this high 

molecular weight band shifted to a lower molecular weight (approx. 31 kDa) upon 

incubation of the protein sample with PNGase F, an endoglycosidase that removes 

N-linked glycans from proteins, indicating substantial glycosylation of the AD-5 protein 

(Fig. 5.29), which might have involved residue N286 and influenced sensitivity to neutrali-

zation. In fact, preliminary data suggested a slight downwards shift in molecular weight of 

AD-4/5 mutant N286 compared to AD-4/5 wt in western blot analysis (data not shown). 

 

 

 

 

In summary, two main observations were made in the neutralization studies. First, the 

results suggested that glycans might serve to shield gB from recognition by neutralizing 

antibodies. Second and more importantly, the residues that were identified as critical for 

antibody binding were confirmed to be vitally important for the virus neutralizing activity 

Fig. 5.28 IC50s of anti-AD-5 antibodies 

towards virus mutants determined on 

epithelial cells. 

The neutralizing activity of AD-5-specific 
antibodies towards the AD-5-mutated 
recombinant TB40/E viruses was 
determined on ARPE-19 and the IC50 is 
given in µg/ml. Values represent the 
median of 2 independent experiments. 
Red, IC50 was not reached at the 
indicated concentration; orange, 
reduced neutralizing activity; green, no 
significant loss of neutralizing activity. 
 
 

Fig. 5.29 Glycosylation of AD-5. 

Western blot analysis of HA and myc-tagged AD-5 protein (AD-5-HA/Myc, see also 
5.3.2). The FCS-free cell culture supernatant of HEK 293T cells was harvested 6 d 
after transfection and concentrated. Then, N-linked glycans were removed by 
incubation of the sample with PNGase F (+). For control, half of the sample was 
left untreated (-). The protein samples were subjected to SDS-PAGE and western 
blot analysis was carried out with an anti-HA antibody. Molecular weight is given 
in kDa. 
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of the AD-5-specific antibodies. Overall, viral mutants containing Y280 in combination with 

additional residues in close structural proximity (N284, N293 and D295) were resistant to the 

neutralizing activity of the three anti-AD-5 mabs. For the sake of simplicity in describing 

the structure in gB, this binding determinant was designated the YNND epitope. 

 

5.4  Importance of the YNND Epitope after HCMV infection 

As ascertained above, the AD-5-specific antibodies utilized in this study recognized a 

common structure on AD-5, in short the YNND epitope. In addition, they originated from 

B-cell clones obtained from three different donors (Tab. 5.1). Hence, it remained to be 

determined, if these antibodies reflected the importance of this antibody binding site in 

the anti-AD-5 antibody response following HCMV infection, or if this observation was the 

consequence of an unrecognized bias in the selection strategy for HCMV gB-specific B cell 

clones (176). 

 

5.4.1 Competition of anti-AD-5 mabs and HCMV-convalescent Sera for gB Binding 

To explore the frequency of 1G2/2C2/SM10-like antibodies in human sera, blood from 19 

randomly selected, healthy HCMV-infected volunteers was collected and sera were 

subsequently analyzed for reactivity with gB, AD-5 and the common antigenic structure 

YNND. First, an antigen ELISA using gB and soluble AD-5 as antigens was performed to 

determine frequency of AD-5 recognition in this serum panel. All of the serum specimens 

had reactivity with recombinant gB (100%) and 17 of the 19 sera (∼90%) were also 

reactive with soluble AD-5 (see Fig. 5.30, A). This is in accordance with the frequency of 

AD-5 recognition seen in human sera from a larger serum panel (see Fig. 5.3, p 18). For 

further experiments, 16 serum samples exhibiting AD-5 reactivity were analyzed. 

Next, the frequency of 1G2/2C2/SM10-like antibodies was determined. To this end, 

competition ELISAs were performed to test, whether anti-AD-5 antibodies in individual 

sera could block antigen binding of anti-AD-5 mabs. The findings from blocking 

experiments using mab 1G2 are shown (Fig. 5.30, B) and the ELISA was performed as 

described in 5.3.1, p 42. 
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Fig. 5.30 Reactivity of sera with gB or AD-5 and competition for gB binding with mab 1G2. 

(A) Antigen ELISA with individual human sera. 19 sera from HCMV-seropositive donors were tested for 
recognition of gB and AD-5 in ELISA. Mab C23 served as control for gB and mab 1G2 for AD-5. The black line 
represents the cutoff defined by the mean +2xSD of three HCMV-negative sera. 17 of 19 sera showed 
reactivity with AD-5 (89.5%). (B) Competition for gB binding between 1G2 and individual human sera. ELISA 
plates were coated with 25 ng recombinant gB followed by incubation with serial log2 dilutions of serum. 
After removal of residual serum components, wells were incubated with biotinylated 1G2 mab (1G2 mab 
bio) at a constant concentration of 0.1 µg/ml which in turn was detected by HRP-conjugated Streptavidin. 
HCMV-convalescent (+) human sera were divided into strong, medium and weak competitors and OD450 
values for a 4-fold serum dilution are given. HCMV-negative (-) sera served as control. The thick dashed line 
represents the mean OD450 for 1G2 mab bio without competitor and thin dashed lines indicate the mean 
±2×SD. The lower dotted line represents block of 1G2 mab bio binding by unbiotinylated 1G2 mab at a 
concentration of 1.25 μg/ml. For statistical analysis the Mann-Whitney test (non-parametric) was used. 

 

The results from the competition ELISA indicated that the serum panel tested could be 

divided into three groups; those sera that almost completely blocked 1G2 binding (strong, 

n=5), those that significantly reduced 1G2 binding (medium, n=7) and those that had 

intermediate to weak capacities to block 1G2 binding (weak, n=4). The serum specimens 

that exhibited strong blocking activity were able to reduce 1G2 binding to the same extent 

as the 1G2 antibody itself. Comparable results were obtained with mabs SM10 and 2C2 

and when the binding competition assay was carried out using recombinant AD-5 instead 

of gB (data not shown). For most sera, the capacity to block anti-AD mab binding 

correlated with the reactivity of the individual serum with AD-5, suggesting that a major 

fraction of polyclonal anti-AD-5 antibodies were directed against the identified antigenic 

structure YNND in AD-5. Of note, the HCMV hyperimmune globulin Cytotect®, a plasma 

protein (96% IgG) pool of hundreds of HCMV-convalescent sera, fell into the group of 

strong competitors when tested in the same competition ELISA (data not shown), further 

supporting this assumption. 
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5.4.2 Purification of polyAD-5 Antibodies from Individual Serum Specimens 

Having found that antibodies with the ability to block gB binding of the human mabs 

SM10, 2C2 and 1G2 indeed appeared to be a common specificity in human HCMV 

convalescent sera, further experiments focused on the recognition of the YNND epitope 

itself. Since reliable and quantifiable expression of the AD-5 mutant proteins in question 

required co-expression with AD-4 as an AD-4/5 hybrid to provide structural integrity of the 

AD-5 mutants (see also 5.3.2, p 46) and because the strong reactivity of human sera with 

AD-4 might conceal minor effects observed for AD-5 mutant protein recognition, the 

polyclonal anti-AD-5 antibody fraction had to be purified from the individual serum 

specimens. To this end, nine sera (#1-9) were selected from both the strong and medium 

competing groups and subjected to AD-5 affinity chromatography as described previously 

(see 5.1.4, p 20). The specificity of the affinity purification was assessed by ELISA and no 

residual reactivity with AD-4 was detected in the affinity-purified polyclonal AD-5 antibody 

preparations (polyAD-5). The ELISA results from three representative purifications are 

given in Fig. 5.31. For most serum specimens, the entire AD-5 reactivity could be isolated 

from the serum while reactivity with AD-4 remained comparable before (pre) and after 

(post) AD-5 immunoaffinity chromatography. Importantly, the polyAD-5 preparations 

were reactive with AD-5 as well as gB. 

 

 

 

 

5.4.3 Reactivity of HCMV-convalescent Sera with the YNND Epitope 

Next, the polyAD-5 preparations were analyzed in ELISA for their binding capacity for wt 

AD-4/5 and, for comparison, selected AD-4/5 mutants. The AD-4/5 mutants Y280N293D295 

and Y280N284 were chosen to represent the YNND epitope, mutant N286 was included as 

control and the capture ELISA was performed as described previously (see 5.3.2, p 46). The 

AD-4-specific mab SM5-1 and a polyclonal anti-AD-4 antibody preparation were utilized to 

control for comparable protein amounts and structural integrity of the tested AD-4/5 

Fig. 5.31 Antigen ELISA of polyAD-5 

purifications from individual sera. 

ELISA plates were coated with gB, 
AD-5, AD-4 or no antigen (blank) 
and binding of antibodies was 
detected by a HRP-conjugated 
secondary antibody. HCMV-
convalescent sera before (pre) and 
after (post) AD-5 immunoaffinity 
chromatography were diluted 
1:200 and the polyAD-5 prepa-
rations 1:100. 
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proteins. Furthermore, the anti-AD-5 mabs were included to demonstrate the loss of AD-5 

binding upon mutation of critical contact residues. 

The polyAD-5 preparations showed different degrees of AD-5 mutant recognition; from 

minimal reduction to complete loss of binding for mutants Y280N293D295 and Y280N284 

whereas recognition of mutant N286 remained comparable to wt (Fig. 5.32). Two individual 

specimens (#1 and #3) displayed no residual reactivity to the AD-5 mutants Y280N293D295 

and Y280N284, suggesting that in the case of these sera, the YNND antigenic structure was 

the exclusive binding site within AD-5. In addition, the previously described polyclonal 

anti-AD-5 antibody fraction prepared from Cytotect® (polyAD-5 #C, see also 5.1.4, p 20) 

was included in this ELISA assay and displayed an intermediate phenotype of AD-4/5 

mutant recognition affirming that this hyperimmune globulin reflects the average of YNND 

epitope reactivity in the general HCMV-positive population. Thus, antibodies directed 

against the YNND epitope seemed to represent a common specificity that readily 

developed in humans following HCMV infection. However, it might not be the only 

specificity and their relevance in terms of neutralizing activity was yet to be analyzed. 

 

 
 

Fig. 5.32 Recognition of selected AD-4/5 mutants by polyclonal anti-AD-5 antibody preparations. 

Polyclonal anti-AD-5 antibodies were affinity-purified from sera derived from HCMV-seropositive individuals 
and tested for recognition of AD-4/5 wt and mutant derivatives. AD-5 mutant proteins were captured from 
cell culture supernatants of transfected HEK 293T cells using an anti-HA antibody and tested for binding of 
polyAD-5 antibody preparations from individual sera (#1 to #9) or the HCMV HIG (#C, Cytotect®). The anti-
AD-5 antibodies SM10, 2C2 and 1G2 were used as control, the anti-AD-4 antibody SM5-1 and a polyclonal 
anti-AD-4 antibody preparation were used to confirm specificity of the assay. OD450 values of AD-4/5 wt 
recognition were set to 100% and percent of AD-4/5 mutant protein recognition was calculated for each 
sample. All experiments were performed as titrations to exclude antibody saturation and data from the 
linear range of the assay are displayed. 
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5.4.4 Neutralization Capacity of AD-5-specific Human Polyclonal Antibodies 

An important remaining question was whether these polyAD-5 antibodies were 

comparable to the mabs in terms of their biological activity. Neutralization assays were 

performed on fibroblasts using monoclonal antibodies with defined target structures as 

controls and a polyclonal anti-AD-4 antibody preparation for comparison of polyvalent 

reactivity. In addition, the two previously described polyAD-5 fractions prepared from 

different HCMV hyperimmune globulins (#C; Cytotect® and #H; HIS #8) were included. 

Four polyAD-5 preparations obtained from individual serum specimens could be tested in 

neutralization assays with HCMV TB40/E wt virus and viral mutants since they contained 

sufficient concentrations of IgG. The IC50 values of the tested antibody specimens are 

summarized in Fig. 5.33 and the relevant neutralization curves can be found in the 

appendix (Fig. 10.3, p 131). 

 

 
Fig. 5.33. Neutralization of TB40/E wt and virus mutants by polyAD-5 antibody preparations. 

TB40/E wt or recombinant viruses were incubated with antibody for 1 h at 37°C and HFF monolayers were 
infected with the antibody-virus mixtures for 4 h. Extent of infection was analyzed 48 h post infection and 
calculated relative to the virus only control. IC50 values are given in µg/ml. #C, Cytotect®CP Biotest; #H, 
HIS #8. Green, IC50 at the given concentration; red, IC50 was not reached at the indicated concentrations. 

 

The latter polyAD-5 preparations (#1, #3, #6 and #7) were able to effectively neutralize wt 

virus with IC50 values in the range of 0.3-1.4 µg/ml. This was in a similar nanomolar range 

compared to the polyAD-4 antibody preparation and monoclonal antibodies. Interestingly, 

two of the four polyAD-5 preparations retained neutralizing activity towards virus mutant 

Y280 and its combination with N293D295 or N284 (polyAD-5 #6 and #7), while two other 

polyAD-5 preparations (#1 and #3) exhibited no neutralizing activity against the viral 

mutants (Fig. 5.33). These results were in perfect agreement with the binding data shown 

in Fig. 5.32 and suggested that on the one hand as yet undefined epitopes within AD-5 

were targets of virus neutralizing antibodies. On the other hand, the data demonstrated 

that for some individuals the entire AD-5-specific neutralizing activity of the serum is 

directed against one single epitope, the YNND epitope. When examining the two polyAD-5 

preparations from different HCMV hyperimmune globulins, IC50 values comparable to 

previous observations were confirmed (see Fig. 5.6, p 23). However, a similar discrepancy 

between sensitivity of the neutralizing activity to mutation of the YNND epitope 

(polyAD-5 #H) and only a minor influence on the IC50 value (polyAD-5 #C) could be 

observed. Since both hyperimmune globulins came from different sources, the selection 

of serum donors might therefore significantly influence the reactivity of the hyperimmune 
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globulin with the YNND epitope and with that, its neutralizing activity towards virus 

mutants. 

In summary, it is important to note that in a significant proportion of human sera, the 

YNND epitope appeared to be the exclusive binding site for virus neutralizing antibodies in 

AD-5. 
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6. Discussion 
 

HCMV is a major global health concern and a vaccine to prevent HCMV disease is a widely 

recognized medical need (201, 202). Among the HCMV glycoproteins, gB is the prime 

vaccine candidate and a major component of many early stage HCMV vaccines (134, 199, 

200, 203). However, current vaccination trials using recombinant gB incompletely protect 

against HCMV infection or disease (223, 224). Since the natural antibody response 

following HCMV infection is still poorly defined, there is only little knowledge about what 

to expect from gB vaccination in terms of antibody fine specificity and antiviral activity. In 

order to continue the antigenic characterization of gB and fill the gaps in our knowledge 

about the spectrum of protective anti-gB antibodies, the work in hand explored 

immunological and structural aspects of the recently identified antigenic domain 5 (AD-5) 

of HCMV gB. 

 

Antigenicity of AD-5 

Five antigenic domains have been identified on HCMV gB, of which AD-1, -2, -4 and -5 are 

targeted by neutralizing antibodies (52). AD-1 and AD-2 were described more than two 

decades ago and are both targets of neutralizing as well as non-neutralizing antibodies 

(284, 285). In contrast, AD-4 and AD-5, which have only been discovered recently, may be 

exclusively targeted by neutralizing antibodies (176). Similar to AD-1 and AD-4, which 

were recognized by 100% and 94% of HCMV-convalescent sera, respectively (176), AD-5 

was highly immunogenic following infection with a seropositivity rate of 90% (Fig. 5.3, 

p 18), identifying it as an important antigenic determinant on gB. Further, the three 

antigenic domains exhibited a moderate (AD-4) to strong (AD-1 and AD-5) correlation of 

seroreactivity and neutralization titer (Fig. 5.4, p 19 and (293)), indicating a comparable 

antigenicity of all three ADs upon HCMV infection. However, when taking a closer look at 

neutralization, there was a clear difference between AD-1 and AD-5 or AD-4. Polyclonal 

anti-AD-1 antibodies purified from human serum are incapable of completely neutralizing 

HCMV even at a high concentration (284). Given this, it was hypothesized that AD-1 is 

bound by antibodies that not only have a widely differing neutralizing activity but also 

bind in a competitive manner (281, 284). This is in stark contrast to polyclonal affinity-

purified antibodies directed against AD-5 and, for that matter, AD-4 since both antibody 

preparations exhibited potent virus neutralizing activity which was comparable to the 

activity of monoclonal antibodies (see Fig. 5.6, p 23 or Fig. 5.33, p 57 and (176)). 

Importantly, the polyAD-5 antibody preparations were able to neutralize 100% of input 

virus, unaffected by the cell type tested or virus strain used. This indicates that AD-5-

specific antibodies neutralize independent of virus strain, and that the spectrum of anti-

AD-5 antibodies does not contain significant concentrations of non-neutralizing antibodies 

that compete for binding. This finding aligns with the observation that to date, no non-

neutralizing human antibody directed against AD-5 has been identified and that all human 

monoclonal antibodies directed against AD-5 possess similar binding affinities to gB with 
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KDs in the picomolar range (see Tab. 5.1, p 29 and (176)). In summary, AD-5 poses a 

dominant antigenic structure on gB that induces potently neutralizing antibodies upon 

HCMV infection. 

 

Efficacy of AD-5 and gB as Immunogens 

In the context of vaccine development the next logical step was to test AD-5 and, for that 

matter, recombinant gB as immunogens in mice. Neither immunization with AD-5 or gB, 

nor the attempt to retrieve murine mabs by the hybridoma technique resulted in the 

generation of complement-independent neutralizing antibodies (see 5.1.6, p 24ff). Why do 

antigens that express the correct epitopes (i.e. that are recognized by conformation-

dependent neutralizing human mabs (Fig. 5.2, p 17)), fail to elicit a neutralizing antibody 

response upon immunization? Several possible explanations are discussed in the wider 

context of the nature of the antigen, antibody development or function, highlighting 

possible obstacles faced by the immune system that hamper the induction of neutralizing 

antibodies. 

For an antibody to have complement-independent neutralizing activity in vitro, it must 

prohibit an integral function of a viral protein by binding to or inhibition of a functional 

site (52, 336). In this context, two important aspects are the stability and the accessibility 

of such “neutralizing epitopes” in the recombinant protein that is used as an immunogen. 

The most trivial explanation for the antigens’ failure could be that the epitopes targeted 

by neutralizing mabs were lost when the antigens were formulated with adjuvants, such 

as aluminum salts (e.g. Imject® Alum), that have protein-denaturing activity (337) and that 

formulations using other, non-denaturing adjuvants like Carbopol or MF59 might be 

superior to alum (338, 339). In fact, initial vaccination trials in humans using recombinant 

gB showed induction of higher neutralizing antibody titers following vaccination with 

gB/MF59 than with gB/alum (222). It would therefore be interesting to test other 

adjuvants to formulate AD-5 or gB and to monitor development of antibodies that bind to 

known neutralizing epitopes, like the YNND epitope identified in this study (for details see 

below, Fig. 6.3, p 64). 

Furthermore, neutralizing epitopes are only a minute fraction of all epitopes that 

antibodies can recognize on the surface of a viral protein (340). Consequently, a low 

frequency of antibodies with neutralizing activity among the entirety of gB-specific mabs 

was reported following HCMV infection (176). Since neutralizing antibodies are not 

preferentially selected in the immune response as compared with non-neutralizing 

antibodies (337), it is logical that a large fraction of antibodies induced by immunization 

binds to neutralization-irrelevant or linear epitopes. In fact, it has been described 

previously that upon gB immunization, the majority of antibodies recognizes the 

C-terminal part (gp58) of gB, which harbors only a limited number of neutralizing epitopes 

(293) and shows competition of neutralizing and non-neutralizing antibodies (284). 

Induction of neutralization-irrelevant antibodies might be even more pronounced for 

soluble AD-5 than for full-length, trimeric gB since AD-5 makes multiple contacts to other 

protein domains in the gB trimer, including structural domain V and AD-5 itself (Fig. 3.2, 
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Fig. 6.1 Hypothetical model of 

glycosylated gB of HCMV. 

(A) Side view and (B) top view of the 
structural model of HCMV gB with 
putative N-linked glycans modeled 
onto the gB ectodomain. Monomers 
of the trimeric gB are depicted in 
different shades of gray and carbo-
hydrate chains in dark red. The 
individual structural domains of one 
monomer are highlighted in different 
colors. AD-5 is colored cyan. This 
hypothetical model was kindly 
provided by Prof. Dr. Heinrich Sticht 
(Institute of Biochemistry, Erlangen, 
Germany). 

p 10). These interaction surfaces would be freely accessible to the immune system in 

individually expressed AD-5, thereby prompting the development of antibodies that may 

preferentially be directed against parts of the AD-5 molecule that are neither accessible in 

the full-length gB protein nor in the fusion-active, viral gB as it would be present on the 

infectious virus particle. 

Another possible explanation is limited accessibility of neutralizing epitopes due to 

glycosylation. Functionally important protein surfaces might be hidden from the immune 

system by a “glycan shield”, thus making them difficult to access and reducing the 

probability of developing antibodies directed against these structures. This phenomenon 

of glycan shielding is frequently seen for gp120 of HIV or HA of influenza (337, 341-344). In 

addition, for other herpesviral glycoproteins extensive glysocylation has been reported to 

mediate protection from neutralizing antibodies in trans (345). As briefly introduced in 

sections 5.1.1 (p 17) and 5.3.4 (p 52), recombinant AD-5 is highly glycosylated upon 

expression in eukaryotic cell culture. In fact, extensive N-linked glycosylation is a unique 

feature of cytomegaloviral gB. In contrast to HSV-1 gB and EBV gB, which possess only six 

and nine putative N-linked glycosylation sites, respectively, HCMV gB contains a total of 18 

N-linked glycans (23, 258), ten of which can be modeled onto the gB ectodomain (Fig. 6.1). 

Four N-linked glycans are predicted to be attached to AD-5, four to AD-4 and two to AD-1. 

Not depicted in the hypothetical model are three to four putative glycosylation sites in the 

presumed helical extension of AD-4 that harbors the furin cleavage site and connects AD-4 

and structural domain III (middle part of the gB protein) (289). Additionally, four 

glycosylation sites are located at the N-terminus of the gB protein. Both structural 

elements were either cropped or unresolved in the previous HSV-1 gB structure (266) and 

are therefore not depicted in the current structural model of HCMV gB. Mass 

spectrometry analysis of recombinant HCMV gB ectodomain suggests that all 18 

glycosylation sites are utilized upon Baculovirus-mediated expression in insect cells (23). 

 

 
 

Thus, both antigens used for immunization, the CHO-expressed gB vaccine antigen and 

insect cell-expressed soluble AD-5, were highly glycosylated. It becomes readily apparent 

from Fig. 6.1 that a large portion of the available surface area of gB might be covered by 
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glycans and thereby hide functionally important protein surfaces. Taking this hypothesis 

even further, one could speculate that even more of the solvent accessible area of AD-5 

might be protected by glycans since the N-terminus of HCMV gB, whose location within 

the gB trimer is unknown, potentially carries four carbohydrate modifications and might 

stretch downward along AD-5 as hypothesized for HSV-1 gB (318). It should be noted, 

however, that glycans are not rigid structures but flexible modifications of the protein. In 

any case, it might be interesting to test deglycosylated forms of gB or AD-5 as 

immunogens. A similar approach using virus particles expressing under-glycosylated forms 

of gN for animal immunization indeed resulted in significantly higher serum neutralizing 

antibody titers (345). This increased neutralizing activity, however, was limited to the 

homologous, gN-truncated strain and could not improve neutralization of the respective 

wild type virus, suggesting that the fully glycosylated virus circulating in the population 

would still be protected by its glycan shield. 

Most neutralizing, murine mabs obtained by immunization were generated from animals 

immunized with HCMV particles or infected cells (21, 211, 302, 346), pointing to the fact 

that a particulate or more native form of gB might be able to induce an improved quality 

of antibody. Different studies have shown that the manner of immunogen presentation to 

the immune system is vital for vaccine success and that repetitive viral surface antigens 

elicit the most potent antibody responses (160, 212, 347-349). In line with this, a recent 

study showed that induction of neutralizing antibodies is favored following immunization 

of mice with gB presented on enveloped virus like particles as compared to soluble gB 

(350). Thus, like for other viral antigens (351, 352), presentation of gB as a particulate 

antigen may be beneficial for induction of neutralizing antibodies. 

Furthermore, this study highlights another important aspect of the antigen’s nature: its 

conformational state. Since gB is the viral fusion protein (23) and fusion proteins 

presumably undergo conformational changes during the fusion process (271), the soluble 

gB protein used for animal immunizations here might have been in the wrong 

conformation for efficient induction of neutralizing antibodies. Apparently, when the gB 

ectodomain is expressed as an individual molecule, it readily adopts a postfusion 

conformation (23) which appears to have a higher internal stability than a potential pre-

fusion conformation. In contrast, the chimeric gB protein used in the study mentioned 

above (350), which had its transmembrane and cytoplasmic domains exchanged to the 

VSV glycoprotein (G) counterparts, adopted a fusion active state. In analogy to this, 

reports on the respiratory syncytial virus (RSV) revealed that structure-based design of a 

prefusion state-stabilized variant of the RSV fusion (F) glycoprotein induced a substantially 

higher neutralizing antibody response (353). It would be interesting to test if strategies to 

efficiently stabilize gB in a prefusion conformation could be developed and could alter 

immunization outcome. 

 

In addition to the nature of the antigen, the type of antibody that would need to be 

induced may also possess important and sometimes atypical properties that enable its 

neutralizing activity. The characteristic features of broadly neutralizing antibodies have 
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been elaborately studied in the field of HIV or influenza (337, 342, 349) and were recently 

acknowledged for anti-gB antibodies of HCMV (289, 354). For example, AD-4-specific 

human mabs share an unusually long heavy chain complementarity determining regions 3 

(HCDR3) of 24 amino acids (289) while AD-2-specific mabs require the same germline 

heavy chain precursor gene and need to acquire a specific set of additional mutations 

(354). In contrast, the anti-AD-5 mabs investigated in this study seemed not to exhibit 

specific features since they display a variety of HCDR3 lengths, V-genes used and 

mutations acquired during affinity maturation (Fig. 6.2). 

 
Fig. 6.2 V-gene usage and CDR sequences of monoclonal anti-AD-5 antibodies. 

For each antibody the V-gene and allele used for affinity maturation and the CDR sequences of the IgG heavy 
(H, top) and light (L, bottom) chain are given. Red: residues mutated in comparison to the respective 
ancestral germline gene; green, residues originating from V(D)J rearrangements. *Assignments of V-genes 
and CDR regions were performed with IMGT/V-QUEST (http://www.imgt.org). 

 

Thus, unlike AD-4 and AD-2, the development of neutralizing antibodies directed against 

AD-5 might not be restricted on the host side. It should be noted, however, that the anti-

AD-4 mabs originated from the same precursor B cell (289) and might not reflect the 

entire spectrum of anti-AD-4 antibodies. Furthermore, for anti-AD-5 mabs a tendency 

towards a longer HCDR3 also exists. The average length of the HCDR3 in humans is 12-14 

amino acids (abYsis database), but two out of three anti-AD-5 mabs have longer HCDR3s 

than the average, i.e. mabs SM10 (17 aa) and 2C2 (24 aa). But since mice are not men 

(355), the average length of the murine HCDR3 is only 9 amino acids (8-12; 71%) and less 

than 1% of murine antibodies have more than 15 HCDR3 residues. It is therefore 

imaginable that the murine system cannot efficiently induce antibodies that are able to 

penetrate the glycan shield of gB and reach a neutralizing epitope in AD-5. It would be 

interesting to test if this limitation of the murine immune system could be overcome with 

humanized mouse models (356-359). 

In summary, the results from the animal immunization study highlight the necessity to 

consider the nature of the antigen and elucidate the obstacles that will need to be 

addressed in the future. Moreover, the results illustrate why neutralizing epitopes must be 

defined and studied to help identify the atomic structures that represent the “chinks in 

the armor” of a viral pathogen like HCMV. 

  

http://www.imgt.org/
http://www.bioinf.org.uk/abysis/searches/distributions/distributions.html
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Anti-AD-5 Antibodies and the YNND Epitope 

Using mutational studies based on the 3D model of HCMV gB (Fig. 3.2, p 10), a major 

antigenic structure (the YNND epitope) within AD-5 was identified in this study as an 

important target for human monoclonal antibodies and for human sera after natural 

HCMV infection. The YNND epitope consists of residue Y280 in combination with additional 

surface-exposed residues in close structural proximity (Fig. 6.3). Mutation of these critical 

residues in AD-5 not only led to the reduction or loss of binding to recombinant mutant 

AD-5 proteins (Fig. 5.24, p 46), but also rendered recombinant viruses expressing these 

mutants resistant to neutralization by the respective anti-AD-5 antibodies (Fig. 5.26, p 49). 

 

 

 

 

The three human monoclonal antibodies investigated here were obtained from different, 

healthy HCMV-infected donors (Tab. 5.1, p 29). The initial finding that these antibodies 

compete for binding to gB (Fig. 5.21, p 43) strongly suggested that they shared a confined 

target structure within AD-5. To ascertain if this observation was the result of an 

unrecognized bias in the B cell clone selection procedure (176), or mirrored the general 

relevance of the YNND epitope in the gB-directed immune response, antibody binding-

competition experiments were conducted using a panel of HCMV-convalescent sera (Fig. 

5.30, p 54). Importantly, individual sera potently blocked binding of the human anti-AD-5 

mabs to gB or recombinant AD-5, thus indicating that a major fraction of anti-AD-5 

antibodies that developed during HCMV infection target the YNND epitope. 

In line with the binding-competition results, polyclonal anti-AD-5 antibody preparations 

showed distinct patterns of AD-5 mutant protein recognition (Fig. 5.32, p 56). Some 

polyAD-5 preparations failed to react with AD-5 after mutation of antigenic site-critical 

residues, while others showed only a slight decrease in recognition of mutant forms of 

AD-5. This suggested, on the one hand, that additional antibody binding sites exist in AD-5. 

A multi-antibody coverage by the antiviral antibody response seems plausible considering 

the size (210 amino acids) and solvent accessible surface area of AD-5 (8740 Å2/32.9% of 

the gB surface area). On the other hand, it showed that for some sera, the entire AD-5 

reactivity is directed against only one antigenic structure: the YNND epitope. 

Fig. 6.3 The YNND epitope. 

Surface area representation of the HCMV 
gB trimer with one monomer highlighted 
according to Fig. 3.2, p 10. AD-5, which 
corresponds to structural domain I, is 
displayed in an enlarged format. The 
critical residues for binding of human 
neutralizing antibodies are highlighted in 
different colors and their position in gB is 
given. 
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Furthermore, the polyclonal AD-5-specific antibodies in general and YNND epitope-specific 

antibodies in particular were functionally relevant in terms of neutralization. The polyAD-5 

preparations from individual sera showed potent neutralizing activity towards TB40/E wt 

virus, some even with comparable activity to monoclonal antibodies (Fig. 5.33, p 57). 

When tested with the mutant viruses that represent the YNND epitope, however, 

significant differences in neutralization capacity for individual polyAD-5 preparations were 

observed. Some polyAD-5 preparations exhibited little difference in neutralizing activity 

for wt and mutant viruses, further arguing that additional virus neutralizing antibody 

binding sites must be present on AD-5. In contrast, the neutralizing activity of other 

polyAD-5 preparations towards mutant viruses was lost completely. Thus, for the immune 

response of some HCMV-infected individuals, the YNND epitope seems to be the exclusive 

target for virus neutralizing antibodies directed against AD-5. A similar discrepancy of 

neutralizing activity towards TB40/E wt and virus mutants was observed for two different 

commercial hyperimmune globulins, suggesting that the source of donor sera might 

significantly impact the quantity and quality of AD-5-specific antibodies, resulting in an 

altered neutralization breadth. Further studies are needed to define additional epitopes in 

AD-5 and their functional relevance for neutralization. 

Moreover, regarding the fact that a very recent study demonstrated that treatment of 

pregnant women with hyperimmune globulin did not alter the course of primary HCMV 

infection or rate of transmission during pregnancy (234), it would be interesting to test if 

polyclonal antiAD-5 antibodies in general or anti-YNND epitope antibodies in particular 

would be superior to a HCMV HIG and could improve therapy outcome. 

 

Structural Considerations 

The residues of the YNND epitope that were identified in this study as critical for binding 

and neutralization likely represent the functional epitope of the anti-AD-5 antibodies. 

Consistent with the current understanding of epitope-paratope interactions, additional 

residues within AD-5 will define the complete structural epitope for antibody binding. The 

structural epitope does not necessarily overlap completely with the epitope defined by 

functional analyses as has been described for another gB-specific antibody (289). 

However, the contribution of additional residues to the binding energy is likely too small 

to be detected by the assays utilized in this study or respective residues were not included 

in the AD-5 mutant analysis. Like the YNND epitope, the vast majority of neutralizing 

epitopes is discontinuous, consisting of critical amino acids that are separated in the 

primary sequence but are brought together by the folding of the protein (360). The 

surface area of epitopes can vary from <200 to >1500 Å2 (mean: 700 Å2) and consists of 

fewer than two to more than 34 residues (mean: 15 ±4) (360, 361). In case of the AD-5-

specific mabs investigated in the present study, the space occupied by the defined critical 

residues covers around 560 Å2. Nevertheless, single residues have been identified as 

critical “hot spots” for antibody binding and function since they contribute the majority of 

binding energy in the antibody-antigen interaction (362) or help to orient such residues 

(289). Tyrosine residues as well as asparagines have been frequently found in such 
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interaction “hot spots” (361-363) and were the major components of the YNND epitope 

identified here. Fig. 6.4 gives a close-up of the YNND epitope and highlights additional 

residues that influence the neutralizing activity of the anti-AD-5 mabs. The amino acid side 

chains of the YNND epitope-residues give rise to a rather polar, uncharged surface area 

that surrounds a hydrophobic patch. Among others, this hydrophobic patch contains 

residues F298 and F300, two residues that influenced neutralizing activity of mab 2C2 but 

not of SM10 and 1G2 (Fig. 5.26, p 49). To efficiently neutralize virus infectivity, mab 2C2 

needed to interact with F298 and/or F300 in addition to residues Y280, N284 and Y293 of the 

YNND epitope, which might explain the requirement of a considerably longer HCDR3 of 24 

amino acids (Fig. 6.2, p 63) in comparison to SM10 (17 aa) or 1G2 (12 aa). 

 

 

In accordance with the data reported here, neutralizing-antibody escape mutants carrying 

a single amino acid exchange to render a virus resistant to antibody-mediated 

neutralization have been described in other viral systems such as HIV or influenza (364-

366). In addition, monoclonal antibody resistant (mar) virus mutants harboring point 

mutations have been described for HSV-1 gB decades ago (318, 367-370) and were 

recently used to confirm loss of the protective capacity of a neutralizing antibody in an in 

vivo setting (370). 

When introducing point mutations into a protein domain whose crystal structure has not 

been determined and where respective energetic changes cannot be calculated reliably, a 

major concern is always the disruption of the protein domain conformation. In case of 

AD-5, however, several lines of evidence suggest that the overall antigenic structure 

remains intact in AD-5 mutants: 

(i) In accordance with the initial selection criteria (5.3.2, p 43), the residues constituting 

the YNND epitope are solvent-exposed and their side chains form only minor stabilizing 

interactions within AD-5. Thus, a replacement of the respective residues by alanine was 

expected to have no effect on the overall structure of AD-5. 

(ii) Replication-competent recombinant viruses with little to no growth retardation were 

readily recovered following mutagenesis suggesting that the overall function of gB was not 

significantly impaired by introduction of mutations (Fig. 5.25, p 48). 

Fig. 6.4 AD-5 residues that influence the neutralizing activity of anti-AD-5 mabs. 

(A) Surface and cartoon representation of AD-5 with the YNND epitope and additional residues highlighted 
as sticks in different colors. (B) Close-up from (A). The location of respective residues in gB is given. Residue 
N286 is depicted as a potential site of glycosylation. (C) Hydrophobicity of AD-5. Intensity of red color reflects 
hydrophobic surface areas. 
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(iii) The mabs recognized gB with comparable affinity (Tab. 5.1, p 29) and were dependent 

on the intact conformation of AD-5 since they were neither reactive with the prokaryotic 

protein (Fig. 5.1, p 15), nor in western blot analysis. Thus, the differential reactivity of the 

anti-AD-5 antibodies with the AD-5 mutant proteins and recombinant viruses suggested 

that the loss of critical binding partners due to mutation to alanine was the basis for this 

result rather than disruption of the structural integrity of AD-5 (Fig. 5.24, p 46 and Fig. 

5.27, p 51). In addition, the partial rescue of sensitivity to neutralization of virus mutant 

Y280 by introduction of a second mutation (N284) further argued against structural 

alterations in AD-5 by the mutations. 

(iv) The overall structural integrity of AD-5 mutants was also supported by the observation 

that individual polyAD-5 antibody preparations retained their neutralizing activity against 

viral mutants completely while at the same time other polyAD-5 antibody preparations 

failed to neutralize virus mutants (Fig. 5.33, p 57). Assuming that the vast majority of 

neutralizing antibodies recognizes structural epitopes, these findings suggested that the 

overall structure of AD-5 in viruses harboring the YNND mutations was intact. 

Taken together, these data strongly argue that a functional epitope of neutralizing 

antibodies directed against AD-5 was mapped in this study. Ultimately, only structural 

analysis can verify the exact nature of the antibody-antigen interactions. 

Consistent with the results reported here, epitopes defined by murine antibodies reactive 

with other herpesviruses have also been mapped to a region of gB that corresponds to 

AD-5, i.e. structural domain I in HSV-1 (Fig. 6.5, p 68). Importantly, although these mabs 

were derived from mice, they also have virus neutralizing activity and for some of these 

mabs (like mabs B4, H126, H233 and 2c), the respective mar mutant residues perfectly 

overlap with the residues of the YNND epitope (328, 367-371). This indicates that the 

YNND epitope is a functional epitope in gB that is of general importance for neutralization 

not only in HCMV but also in other herpesviruses. Moreover, for HSV-1 gB a neutralizing 

murine mab (SS55) was identified that targets a different region within structural 

domain I, which further supports the notion postulated above that additional neutralizing 

epitopes are likely to exist in AD-5. 
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Fig. 6.5 Epitopes of murine neutralizing mabs in HSV-1 gB in comparison to HCMV gB. 

The HCMV and HSV-1 gB (2GUM) trimers are depicted as surface area representations. A second HSV-1 gB 
trimer is depicted as a transparent overlay for better visibility of the mab 2c epitope-part that is surface 
accessible. The epitopes of mabs 2c, B4, H1375, H1435, H126, H233 and SS55 are located within structural 
domain I and the residues critical for virus neutralizing activity as determined by mar mutant viruses are 
given. The respective anti-HSV-1 gB antibody is given in brackets. Individual corresponding residues in HCMV 
gB and HSV-1 gB are marked by red arrows. The corresponding residues for mab 2c include Y280 and N284 of 
HCMV gB.  

 

Interestingly, for HSV-1 a murine antibody (mab H1435) directed against gB residue H308 

was identified (Fig. 6.6). This antibody had virus neutralizing activity that was lost in an 

H308-mar mutant virus (368). This is in stark contrast to the observations made for the 

H308-corresponding residue N286 in HCMV gB, since recombinant viruses carrying mutation 

of N286 did not show a loss but an increase of sensitivity to neutralization by the anti-AD-5 

mabs 2C2 and 1G2 (Fig. 5.26, p 49 and Fig. 5.28, p 52). At this point it should be mentioned 

that AD-5 contains five potential N-linked glycosylation sites of the N-X-S/T consensus 

sequence. Of these five sites, four are predicted to be glycosylated in the full-length gB 

protein (NetNGlyc 1.0 Server). These sites involve residues N208, N281, N302 and N341 of AD-5 

but not N286. However, residue N281 is almost completely buried in the model of the 

trimeric gB protein (Fig. 6.6, A). The surface accessibility of N281 in both the postfusion 

(≤ 2 Å2) and a hypothetical prefusion (≤ 7 Å2) model of gB (see below) is very low, making 

glycosylation at this site unlikely to occur in the full-length protein. In contrast to N281, N286 

shows a high surface accessibility (≥ 100 Å) which is comparable to other potential 

glycosylation sites in AD-5. Thus, despite not being predicted as glycosylated, N286 might 

well be engaged as the attachment site for N-linked glycans in the full-length gB protein. 

Which residues of HCMV gB are truly modified by glycosylation, however, awaits 

experimental confirmation. HSV-1 gB, to the contrary, does not contain any N-linked 

glycosylation sites in structural domain I (23). 

 

http://www.rcsb.org/pdb/explore/explore.do?structureId=2gum
http://www.cbs.dtu.dk/services/NetNGlyc/
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When considering this finding in terms of the impact on neutralization, it could explain the 

enhanced neutralizing activity of anti-AD-5 antibodies towards virus mutant N286, similar 

to what has been described for HIV or influenza and anti-gp120 or anti-HA neutralizing 

antibodies, respectively (332-335, 372-376). When taking into account that residue N286 is 

a direct structural neighbor of Y280 and N284 (see Fig. 6.6, B), residues which are both 

binding partners for mabs 1G2 and 2C2, it is conceivable that elimination of a glycan 

attachment site by mutation of N286 might enhance the exposure of these contact residues 

and thus accessibility to neutralizing antibodies. 

Thus, while this part of the protein is readily exposed to the immune system in HSV-1 gB 

(368), the YNND epitope might be protected from induction of neutralizing antibodies by a 

glycan shield in HCMV gB, further attesting to the failure of gB as an antigen to induce 

neutralizing antibodies by animal immunization. 

 

Of note, residues of the YNND epitope as well as residue N286 are strictly conserved 

between different HCMV strains (see appendix page 132, Fig. 10.4), indicating that 

naturally occurring escape mutants may be rare or absent. Polymorphisms in the gB 

coding sequence allow for the discrimination of four distinct gB genotypes (306). Two 

minor sites of variation lie within AD-5 but both lie well outside the identified YNND 

epitope. In fact, one of these polymorphic sites is located downstream of the YNND 

epitope in a region of AD-5, presumably a flexible loop, that could not be modeled in 

HCMV gB (176) since it was not resolved in the HSV-1 gB crystal structure (266). The high 

degree of variation at this site may suggest a lack of selective pressure due to the 

presumable absence of an essential function. In contrast, highly conserved elements like 

the YNND epitope usually are functionally important structural regions of a protein and 

are therefore strictly maintained during viral replication. 

  

Fig. 6.6 Glycosylation sites in AD-5. 

(A) Solvent accessible surface area 
representation of the HCMV gB trimer 
model. Asparagine (N) residues of 
potential N-linked glycosylation sites in 
AD-5 are highlighted in red and their 
sequence position in gB is given. 
(B) Close-up on the surface represen-
tation of AD-5 and the YNND epitope with 
a complex N-linked glycan (dark red) 
modeled to residue N286 (yellow). Top, 
front view; bottom, rear view. Color 
coding according to Fig. 6.4, p 66. HCMV 
gB model with N-linked glycans according 
to Fig. 6.1, p 61. 
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Neutralization Characteristics of anti-AD-5 Antibodies and Functional Aspects 

Monoclonal as well as polyclonal anti-AD-5 antibodies efficiently blocked infection of 

different cell types with comparable potencies (Tab. 5.2, p 33 and Fig. 5.6, p 23) indicating 

that they target a conserved and indispensable function of gB (52, 176). Indeed, gB is the 

actual fusion mediator of HCMV and together with gH/gL constitutes the core fusion 

machinery (23, 50). While in addition to gB the trimeric complex gH/gL/gO is required for 

infection of fibroblasts, the pentameric gH complex consisting of gH/gL/UL128-131 is 

essential for infection of endothelial, epithelial and myeloid cells (35, 37, 41). Interestingly, 

antibodies directed against the UL128-131 proteins of the pentameric complex exhibit an 

extraordinary potent virus neutralizing activity (164, 174). An important caveat with 

respect to interpreting the protective potential of these antibodies is that they are only 

functional on endothelial, epithelial and myeloid cells. Other HCMV target cells such as 

fibroblasts, neuronal and throphoblast cells (120), which are relevant for viral 

pathogenesis, are not protected by pentamer-specific mabs (164, 177). On the contrary, 

the anti-AD-5 mabs investigated here (like other gB-specific antibodies (176, 177, 290)) 

exhibited a robust neutralization profile in all in vitro assays systems tested, classifying 

them as “broadly neutralizing” (337). This is not surprising since by attacking gB, the 

antibodies can prevent the one step of virus entry that is essential in all cell types: fusion. 

In addition, the result of the cell-to-cell spread assay (Fig. 5.15, p 35) revealed that 

neutralizing antibodies efficiently inhibit cell-to-cell spread in epithelial cells but not in 

fibroblasts, possibly a finding that can be attributed to a protective effect mediated by gO 

(317). Having this in mind, one could provocatively hypothesize that it is indeed more 

important to prevent the initial infection of the connective tissue-fibroblasts than of 

epithelia/endothelium since once the infection has reached fibroblasts, cell-associated 

spread cannot be stopped, neither by pentamer- nor by gB-specific antibodies. 

For anti-AD-5 antibodies, the neutralization capacity appears to be defined by the 

monovalent interaction of one antigen-binding site/paratope with one antigenic 

site/epitope, since the antibody Fab fragments neutralized with a comparable activity to 

the whole IgG molecule (Fig. 5.18, p 38). Thus, in contrast to other antibodies directed 

against epitopes in structural domain I of herpesviral gB, a limited accessibility of the 

epitope in time and space (318) or the intermolecular linkage of the antigen (319), which 

might also depend on antigen density (264, 377), seems not to play a role for the 

neutralizing activity of anti-AD-5 mabs. This distinguishes the anti-AD-5 mabs from the 

murine antibody mab 2c (319), although both bind to an equivalent epitope in HCMV gB 

and HSV-1 gB, respectively (Fig. 6.5, p 68). If neutralization is not achieved by cross-linkage 

of the antigen, what could be the possible mode of action of the anti-AD-5 antibodies 

described here? 

Since structural domain I, i.e. AD-5, harbors the fusion loops, it is often referred to as the 

fusion domain of herpesviral gB (23, 318). Indeed, mutation of the hydrophobic residues 

within the fusion loops alters the fusogenic activity of gB in cell-cell fusion assays (23). Yet, 

no domain I-specific monoclonal antibody that directly targets the fusion loops has been 

described to date, neither for HCMV nor for other herpesviruses. In line with the spatial 
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location of the YNND epitope, direct inhibition of the fusogenic residues within AD-5 

seems unlikely. Nevertheless, several other mechanisms of neutralization could be 

envisaged:  

(i) Inhibition of receptor binding. Characterization of the anti-AD-5 mabs revealed that 

they hold post-attachment neutralizing activity, i.e. they do not to prevent virion binding 

to the cell surface (Fig. 5.20, p 41). In fact, none of the gB-specific human mabs described 

in this or other studies inhibited virus attachment (176, 276, 371). Therefore, neutrali-

zation by impeding virion attachment, possibly through blockade of receptor binding, is 

unlikely to be the mode of action of anti-AD-5 antibodies. This is further supported by the 

observation that a postulated disintegrin-like domain, the supposed receptor-engagement 

site within gB for cellular integrins, lies N-terminal to AD-4 and well outside of AD-5 (255). 

Neutralization via altering virus attachment, however, cannot be excluded entirely as 

multiple interactions of gB or other virion glycoproteins with different molecules of the 

host cell membrane have been described (63, 64, 71, 73) and attachment could still occur 

although gB-receptor interaction is blocked. 

(ii) Restriction of conformational changes. The crystal structures solved for gB of HSV-1 

and EBV most likely represent the postfusion conformation of gB (48, 267). In analogy to 

other type III viral fusion proteins such as VSV G or Baculovirus gp64 (271), herpesviral gBs 

are hypothesized to undergo refolding during fusion (253, 378, 379). Nevertheless, 

experimental evidence for large-scale rearrangements is still scarce (379-381). The critical 

residues for binding of anti-AD-5 mabs can be mapped to the surface of the gB trimer of 

the postfusion model (Fig. 6.3, p 64). Neutralizing antibodies, however, are expected to 

recognize a prefusion form of gB which would be present on the infectious virion. 

Importantly, the critical residues of the YNND epitope are similarly accessible in a 

hypothetical prefusion gB model, which is based on the crystal structure of the VSV G pre-

fusion conformation (Fig. 6.7). 

 

 

 

 

 

 

 

 

 

Fig. 6.7 Hypothetical model of prefusion gB. 

The prefusion conformation of HCMV gB was 
modeled based on the crystal structure of VSV G. 
The critical residues of the YNND epitope are 
indicated in accordance with Fig. 6.3. This 
hypothetical model was kindly provided by Prof. Dr. 
Heinrich Sticht (Institute of Biochemistry, Erlangen, 
Germany). 



72 Discussion 

 

In terms of virus neutralization, it can be imagined that the transition from the prefusion 

to the postfusion form of gB requires space which might be limited on the virion surface 

and could be obstructed by bound antibody. In fact, for VSV G, where post- and prefusion 

structures are available, a space-consuming conformational change seems plausible (271). 

Thus, a block of conformational changes in gB from a fusion-inactive to a fusion-active 

state by anti-AD-5 mabs would be consistent with findings from the present study. 

(iii) Block of gB-gH/gL interaction. Another possible mechanism of virus neutralization is a 

block of the interaction between gB and the gH/gL complexes. gB, in order to become 

fusion-active, must interact with gH/gL in a specific manner to form the minimal fusion 

machinery. A number of studies have addressed the formation of the gB-gH/gL fusion 

complex. Using antibody blocking experiments, HSV-1 gB structural domains I, II and V but 

not IV have been described as interaction partners for gH/gL (382). In contrast to these 

results, HCMV gB anti-AD-2 antibodies failed to block the gB-gH/gL interaction (383). Using 

functional complementation assays for EBV gB, regions of HCMV gB corresponding to 

domains III/IV/V have been postulated as interaction partners for gH/gL (384). It should be 

noted that a direct interaction between gB and gH/gL on the virion surface has thus far 

not been definitively demonstrated. Instead cell-cell fusion assays with individually 

expressed glycoproteins have been used. However, these approaches do not take into 

account that additional herpesviral proteins might be involved in the modulation and 

regulation of the fusion process. Moreover, expression of gB as an individual protein might 

result in a conformation that does not precisely reflect the gB conformation that is found 

on the surface of infectious virus particles. Thus, the exact parameters of gB interactions 

with gH/gL are currently undefined and therefore, inhibition of the gB-gH/gL interaction as 

a mechanism of virus neutralization cannot be excluded for the activity of AD-5-specific 

antibodies. 

(iv) Long-range conformational effects. Lastly, binding of an antibody to AD-5 might induce 

long-range conformational effects that could modulate the fusogenic activity of the fusion 

loops. This mode of action has been hypothesized for the gB domain I-specific neutralizing 

antibody SS55 in HSV-1 (318). Although the SS55 epitope differs from the YNND epitope 

(Fig. 6.5, p 68), a modulation of the hydrophobic fusion loops by anti-AD-5 mabs is 

imaginable. 

 

To individually address the possible mechanisms experimentally is challenging, since the 

read out of most assays currently used in the field is whether fusion occurs or not, which is 

the end point of all neutralization mechanisms postulated above. However, to exclude an 

antibody-mediated block of the gB-gH/gL interaction, a fusion assay could be developed 

based on recent findings on a chimeric VSV G-gB being fusion active in the absence of 

gH/gL (350). In the end, the exact molecular events blocked by anti-AD-5 mabs in the 

process of viral fusion with the target cell membrane remains an objective of further 

studies.   
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Summary and Future Prospects 

Glycoprotein B of HCMV is an important antigen for active and passive immune 

intervention strategies. The present study adds another piece to the jigsaw puzzle of 

antigenic domains on gB. By use of monoclonal antibodies, the YNND epitope within AD-5 

was identified as an important target structure for antibodies with broad and potent virus 

neutralizing activity. Yet, additional neutralizing epitopes in AD-5 remain to be identified. 

Developing a detailed map of neutralizing epitopes on HCMV gB will provide an important 

guide for rational vaccine design and, ultimately, a reference for evaluation. In particular, 

induction of antibodies specific for antigenic sites in gB, like the glycan-protected YNND 

epitope, should be a desirable goal following vaccination. Thus, in analogy to other vaccine 

approaches, like for HIV or influenza (332, 337, 365, 385-387), several obstacles still may 

need to be overcome by iterative improvements of gB as vaccine antigen. In any case, 

antibodies targeting the YNND epitope may be powerful therapeutics for passive 

immunotherapy to combat the infection in populations at risk for HCMV disease. 
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7. Methods 

7.1  Molecular Biology Techniques 

7.1.1 Polymerase Chain Reaction (PCR) 

For the selective amplification of DNAs, a PCR (388) utilizing different thermo-stable DNA 

polymerases was performed. PCRs were carried out with the Pfu Turbo® DNA Polymerase 

Kit, the Expand High Fidelity (HF)PLUS PCR System, dNTPack or the DreamTaq™ DNA 

Polymerase Kit. The latter was used only for colony PCRs or control PCRs as the Taq 

polymerase has no proof-reading activity. PCR samples were prepared as described in Tab. 

7.1 and reactions were carried out in a final volume of 50 μl in a thermal cycler (Eppendorf 

AG, Hamburg, Germany). A sample without DNA insert was used as a control for 

contaminating DNA. 
 

Tab. 7.1 PCR sample preparation and PCR setup 

Pfu Tubro® DNA Polymerase Kit Expand HF
PLUS

 PCR System DreamTaq
™

 DNA Polymerase Kit 

1×Pfu buffer (25 mM MgSO4) 

250 µM dNTPs 

25 pmol of each primer 

50 ng template DNA 

2.5 U Pfu Turbo® DNA polymerase 

1×Expand HF
PLUS

 reaction buffer 

200 µM dNTPs 

20 pmol of each primer 

50 ng template DNA 

2.5 U Expand HF
PLUS

 Enzyme blend 

1×DreamTaq
™

 buffer 

200 µM dNTPs 

20 pmol of each primer 

50 ng template DNA or bacterial colony 

1.25 U DreamTaq
™

 DNA polymerase 

PCR setup PCR setup PCR setup 

denaturation at 95°C for 5 min 

30 cycles: 

          denaturation at 95°C for 30 s 

          annealing at 45°C for 30 s 

          elongation at 72°C for 2 min 

elongation at 72°C for 5 min 

denaturation at 95°C for 5 min 

30 cycles: 

          denaturation at 95°C for 30 s 

          annealing at 45°C for 1 min 

          elongation at 72°C for 2 min 

elongation at 72°C for 5 min 

denaturation at 95°C for 5 min 

30 cycles: 

          denaturation at 95°C for 30 s 

          annealing at 45°C for 1 min 

          elongation at 72°C for 2 min 

elongation at 72°C for 5 min 

 

Primers used for cloning of DNA-fragments are listed in Tab. 8.2, p 99. The PCR products 

were analyzed by horizontal agarose gel electrophoresis (see 7.1.2). PCR amplified DNA 

fragments used for cloning were purified using the QIAquick® PCR Purification Kit 

according to the manufacturer’s instructions. 

7.1.2 Agarose Gel Electrophoresis 

Separation of DNA fragments occurred via horizontal agarose gel electrophoresis. To this 

end, 1% agarose gels containing 1 µg/ml ethidium bromide were prepared and run in 

1×TBE buffer for approximately 45 min at 160 V. DNA samples were mixed with 6×DNA 

loading dye and loaded into the slots of the gel. As a size standard 5 μl of the GeneRuler™ 

DNA Ladder Mix were used. The DNA was visualized by ultraviolet light (254 nm) and 

documented using the gel documentation system E.A.S.Y. Win32 (Herolab GmbH, 

Wiesloch, Germany). To analyze BACmid DNAs, 0.7% agarose gels were utilized to 

separate DNA fragments. 
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7.1.3 DNA Restriction Digest 

For the cloning of DNA fragments a preparative DNA restriction digest was carried out and 

an analytic DNA restriction digest was performed for control of the generated plasmids. 
 

Preparative DNA Restriction Digest 

The DNA restriction digest was carried out in a total volume of 100 μl. Plasmid DNA 

(3-5 μg) or PCR products were digested with 10 U/µg DNA of suitable restriction enzymes. 

Special enzyme buffers and bovine serum albumin (BSA) provided optimal digest 

conditions. The digest reaction was incubated for 2-3 h at 37°C. Digested plasmid DNA was 

5’-dephosphorylated by incubation with 1 U shrimp alkaline phosphatase to prevent 

religation. Residual PCR-template plasmid DNA was removed from digested PCR-products 

by incubating with 1 U DpnI, which exclusively cuts methylated DNA. The digest reaction 

was terminated by incubating 20 min at 65°C followed by analysis by agarose gel 

electrophoresis. If necessary, agarose gel extraction of desired restriction fragments was 

carried out using the QIAquick® Gel Extraction Kit. 

 

Analytic DNA Restriction Digest 

Analytic DNA digests were performed in a total volume of 20 μl. 1-2 μg of plasmid DNA 

were incubated with 2-3 U of suitable restriction enzymes. Digestion reactions were 

prepared in 1×T4 buffer, incubated for 1-1.5 h at 37°C and subsequently analyzed by 

agarose gel electrophoresis. 

7.1.4 Ligation 

Ligation of plasmid backbone and insert was carried out in a total volume of 20 μl over 

night at 14°C. The appropriate amounts of digested DNA insert and digested and de-

phosphorylated vector DNA were estimated by agarose gel electrophoresis. The digested 

DNA insert was used in a 4 to 5-fold molar excess. Besides DNA the ligation reaction 

contained 4 μl 5×ligase buffer, 2 μl 100 mM DTT, 1 μl 10 mM ATP and 1 μl T4 DNA ligase. A 

ligation sample without insert was used as control for religation of the vector DNA.  

7.1.5 Preparation of Electrocompetent Bacterial Cells 

To prepare electrocompetent GS1783 E. coli for homologous recombination, an overnight 

liquid culture was used to inoculate 100 ml liquid LB medium (containing 30 µg/ml chlor-

amphenicol) at a 1:50 dilution. The culture was incubated at 240 rpm and 32°C until an 

OD600 of 0.3-0.5 was reached and bacteria were in the log phase of bacterial growth. For 

expression of heat-inducible recombinases for Red recombination (331), GS1783 cells 

were incubated for 15 min at 100 rpm and 42°C. Cultures were then transferred into ice-

cold shaker flasks and pivoted for 10 min in iced water. Bacteria were harvested by 

centrifugation for 15 min at 5000 rpm and 4°C and the pellet was re-suspended in 50 ml 

(10 + 40 ml) ice-cold H2O. This wash step was repeated twice to remove residual medium 

components and the electrocompetent GS1783 were either used directly for electro-

poration or frozen in 10% glycerol at -80°C until further use. 
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7.1.6 Transformation of E. coli 

Electrocompetent ElectroMAX™ DH10B™ E. coli were utilized for amplification of plasmid 

DNA or prokaryotic protein expression and electrocompetent GS1783 E. coli were used for 

amplification or recombination of BACmid DNAs. Transformation of plasmid or BACmid 

DNA into E. coli was performed by electroporation using Gene Pulser™ (Bio-Rad 

Laboratories GmbH, Munich, Germany) at 2 kV, 200 Ω and 25 μFa. To this end, 10 ng 

plasmid DNA, 2 μl ligation sample or 10 µl PCR product were mixed with 10 μl DH10B™ 

plus 8 µl H2O or 100 µl GS1783 in cold electroporation cuvettes. Following electroporation, 

samples were shaken for 1 h at 37°C (DH10B™) or 32°C (GS1783) in 900 µl antibiotic-free 

SOC medium. Then, bacterial cells were spread in two different dilutions (1/10 and 9/10) 

on LB agar plates containing either 100 μg/ml ampicillin (DH10B™) or 30 µg/ml 

chloramphenicol (GS1783) and were incubated over night at 37°C or 32°C. Bacterial 

colonies were counted and analyzed by colony PCR for containing the plasmid of interest 

using the DreamTaq™ DNA Polymerase Kit as described in 7.1.1. 

7.1.7 Preparation of Plasmid DNA 

Plasmid DNA was obtained using the Invitrogen PureLink™ Quick Plasmid Prep Kit. 

Depending on the quantity of plasmid DNA needed, either the Mini-, Midi- or Maxiprep Kit 

was used. After harvesting the cells from an overnight culture by centrifugation 

(10-30 min, 4°C, 5000 rpm), the isolation was carried out according to the manufacturer’s 

instructions. Plasmid DNA was subsequently analyzed by analytic DNA restriction digests 

and horizontal agarose gel electrophoresis. 

7.1.8 Preparation of BACmid DNA 

For analytic DNA restriction digests, BACmid DNA was isolated from 5 ml GS1783 E. coli 

over-night culture (32°C). Isolation was carried out using buffers from the QIAGEN Plasmid 

Mega Kit. First, the overnight culture was centrifuged for 5 min at 5000 rpm and 4°C. The 

bacterial pellet was resuspended in 300 µl P1 buffer, lysed by addition of 300 µl P2 buffer, 

incubated for 5 min at room temperature (RT) and subsequently neutralized with 300 µl 

P3 buffer for 5 min on ice. The lysate was then centrifuged for 10 min at 14000 rpm and 

the supernatant was transferred into a fresh microcentrifuge tube. The BACmid DNA was 

precipitated by addition of 600 µl 2-propanol and centrifugation for 15 min at 14000 rpm. 

The supernatant was removed and the DNA pellet was washed twice with 500 µl 70% 

ethanol. Thereafter, the pellet was left to dry for 5-10 min at RT. Last, the BACmid DNA 

was dissolved in 50 µl H2O over night at 4°C without resuspending the pellet. For analytic 

restriction enzyme digestion, the BACmid DNA was digested using EcoRI or HindIII in a 

total volume of 50 µl. The digestion sample contained 1 µg BACmid DNA, 20 U restriction 

enzyme, 1×T4 buffer and was incubated for 3 h at 37°C. The resulting pattern of DNA 

bands was evaluated on a 0.7% agarose gel. 

For virus reconstitution by transfection of MRC5 cells, BACmid DNA was prepared either as 

described above or by using the NucleoBond® BAC 100 Kit according to the 

manufacturer’s instructions. 
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7.1.9 Quantitation of Plasmid or BACmid DNA 

Quantitation of plasmid or BACmid DNA concentration was performed by measuring the 

absorption at 260 nm using the BioPhotometer® (Eppendorf AG, Hamburg, Germany). The 

DNA was used at a dilution of 1:100 in H2O. For the assessment of contaminations the 

OD280 was determined in parallel. The quotient of OD260 to OD280 was 1.8 in an ideal 

sample. If the quotient was larger than 1.8, the preparation most likely contained 

contaminating RNA. A lower quotient indicated protein-contamination. 

7.1.10 Markerless BACmid Mutagenesis 

A luciferase-expressing HCMV-TB40/E-derived BACmid (vBAC4-luc) (308) was used to 

generate gB-mutated viruses using the two step markerless Red recombination 

mutagenesis protocol of Tischer et. al. (331). Briefly, recombination cassettes were 

amplified from plasmid pEPkan-S using primers containing the desired mutational 

sequence and flanking nucleotide sequences in AD-5 of gB from strain TB40/E (see Tab. 

8.3, p 100). The PCR protocol was performed as described in Tab. 7.2 in a total volume of 

100 µl. 
 

Tab. 7.2 Sample preparation and PCR setup for the generation of a recombination cassette 

Expand HF
PLUS

 PCR System Tischer PCR setup 

1×Expand HF
PLUS

 reaction buffer 

400 µM dNTPs 

50 pmol of each primer 

1.25 ng template DNA 

5.2 U Expand HF
PLUS

 Enzyme blend 

denaturation at 95°C for 5 min 

10 cycles                                            followed by 25 cycles 

      denaturation at 95°C for 45 s 

      annealing at 51°C for 2 min 

      elongation at 68°C for 2 min 

elongation at 72°C for 5 min 

      denaturation at 95°C for 45 s 

      annealing at 51°C for 2 min 

      elongation at 68°C for 3 min 

 

 

 

Recombination cassettes subsequently contained the kanamycin resistance gene (aphAI), 

an adjoining I-SceI site and a duplication of a short sequence of the sequences of interest 

harboring the desired mutation. The PCR product was analyzed by agarose gel 

electrophoresis, purified with the QIAquick® PCR Purification Kit according to the 

manufacturer’s instructions and eluted in 15 µl H2O. The template DNA was removed by 

DpnI digestion. The recombination cassette was used to transform electrocompetent 

vBAC4-luc-carrying GS1783 E. coli (see 7.1.5) and subsequently integrated into vBAC4-luc 

by a first Red recombination. Clones were selected on LB agar plates containing 30 µg/ml 

chloramphenicol and 30 µg/ml kanamycin with the latter being the positive selection 

marker for successful homologous recombination. The integration of the recombination 

cassette was additionally confirmed by colony PCR. The second step involved removal of 

the positive selection marker kanamycin. To remove all non-HCMV sequences, an I-SceI 

digestion and a subsequent second Red-mediated recombination followed. To this end, an 

overnight liquid culture was used to inoculate 2 ml LB medium (containing 30 µg/ml 

chloramphenicol) at a dilution of 1:20. Cells were grown at 32°C for 2 h. Then, 2 ml of LB 

medium containing 1% arabinose and 30 µg/ml chloramphenicol were added to the 



78 Methods 

 

culture to induce the expression of I-SceI. Further incubation for 2 h at 32°C allowed 

cleavage at the I-SceI site, thereby generating a double strand break. Cultures were then 

transferred into a 42°C water bath shaker for 15 min to initiate the second Red 

recombination event between duplicated sequences now present within the modified 

vBAC4-luc. Subsequently, bacteria were grown for another 2 h at 32°C, and serial dilutions 

were spread on LB agar plates containing 30 µg/ml chloramphenicol and 1% arabinose. 

Colony PCR and replica plating was used to detect and exclude kanamycin-resistant 

colonies. To confirm the integrity of the recombined vBAC4-luc, digestion of BACmid DNA 

with the appropriate restriction enzymes was carried out and analyzed via agarose gel 

electrophoresis in comparison to the parental vBAC4-luc. Finally, the affected loci of 

candidate positive mutants were PCR-amplified and sequenced to verify successful 

sequence modification in the BACmids. 

7.1.11 Extraction of Viral DNA from Infected Cells 

To extract viral DNA, infected cells were trypsinized and detached cells were pelleted by 

centrifugation for 5 min at 1200 rpm. Approximately 1/10 of an infected 75 cm2 flask or 

1 ml of a 2×106 cells/ml suspension culture was used for DNA extraction. Cells were 

washed once with PBSo and DNA was extracted from the cell pellet by incubation with 

50 µl proteinase K (0.1 µg/ml in proteinase K buffer) for 45 min at 56°C. The sample was 

inactivated for 10 min at 95°C and cooled on ice. Viral DNA was amplified from 2-5 µl of 

cell lysate by PCR using virus-specific primers. The proteinase K buffer contained 0.5% 

Tween 20 (w/v), 50 mM KCl, 15 mM Tris and 2.5 mM MgCl2. 

7.1.12 Sequencing of DNA Fragments 

For sequencing of DNA fragments, the Applied Biosystems BigDye® Terminator v3.1 Cycle 

Sequencing Kit was used. For each sequencing reaction, a mixture consisting of 50 ng/kbp 

DNA template, 3.5 μl 5×sequencing buffer, 1 µl BigDye® and 15 pmol of primer was 

prepared in a total volume of 20 μl. A sequencing PCR composed of 25 cycles was 

performed (96°C for 10 s, 50°C for 10 s and 60°C for 4 min). Sequencing of the PCR 

products was carried out with the ABI PRISM® 3100 Genetic Analyzer sequencer (Applied 

Biosystems, Inc., Foster City, USA) and sequence analysis was conducted with Vector NTI 

9.1 and AlignX (Life Technologies GmbH, Darmstadt, Germany). 
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7.2  Cell Culture Techniques 

7.2.1 Maintenance of Cell Cultures 

Eukaryotic mammalian cell cultures were maintained at 37°C, 5% CO2 and 80% humidity in 

suitable culture media (see 8.2.2, p 94). When adherent eukaryotic cells reached 

confluency, they were detached from the cell culture dish by 0.05% trypsin/EDTA 

treatment, pelleted by centrifugation and reseeded into new flasks containing fresh 

medium. If not mentioned otherwise, all centrifugation steps were carried out at 

1200 rpm for 5 min at RT. For cultivation of HUVEC cells, the culture dish was coated with 

0.1% gelatin for 15-30 min at 37°C prior to seeding of the cells. Inadherent cells such as 

hybridoma, SP2/0 and Sf9 cells were suspended and reseeded by pipetting. Sf9 insect cells 

were cultured in a humid atmosphere at 27°C and 140 rpm in an orbital shaker. Sf9 cells 

were passaged at 4 to 8×106 cells/ml and reseeded at 0.2 to 0.5×106 cells/ml. 

7.2.2 Hybridoma Technique 

Hybridoma cell lines were generated by utilization of the hybridoma technique (389). In 

brief, spleen cells of donor mice were fused to SP2/0 mouse myeloma cells (390) to give 

rise to immortalized antibody-producing B-cell lines. To this end, C57BL/6 CD8-/- donor 

mice were immunized three times with soluble gB in a prime-boost fashion as described in 

7.6. Following splenectomy 4 d after the final immunization, cells were isolated from half a 

spleen (4.4×108 cells) of the donor mouse and fused with 1.45×108 cells of the mouse 

myeloma cell line SP2/0. Spleenocytes were separated through a 70 μm cell strainer and 

added to SP2/0 cells in a 3:1 ratio. All following steps were performed at 37°C. Mixed cells 

were washed with serum-free RPMI 1640 medium, centrifuged and the supernatant was 

discarded. For fusion of the cells 1 ml of polyethylene glycol was very slowly added to the 

pellet and gently stirred for 1 min. The fusion process was subsequently terminated by 

slowly adding 20 ml serum-free RPMI 1640 during a time span of 5 min. Cells were 

centrifuged, the supernatant was discarded and the cell pellet was suspended in HAT 

selection medium supplemented with 2% IL-6-containing hybridoma supernatant. Cells 

were seeded in 150 μl/well into 96 U-bottom cell culture microplates in two different 

dilutions (1:3). Two weeks later or when first clonal hybridoma cell growth was detected, 

supernatants were tested for gB specificity. Clones of interest were further cultivated in 

24-well plates in IL-6-supplemented HT medium and cryo-conserved until further use 

when wells reached confluency. The hybridoma supernatant was tested for reactivity with 

individual antigenic domains of gB in ELISA (AD-1 and -4) or indirect immunofluorescence 

(AD-5) and neutralizing activity was determined. Finally, hybridomas reactive with AD-5 

were defrosted, adapted to conventional RPMI full medium. Individualization of single 

hybridoma clones was achieved by seeding hybridoma cells in a dilution, ensuring that less 

than 33 cells were seeded into a 96-well plate. This process was carried out twice. 

Antibody-containing hybridoma supernatant was collected approximately twice per week 

from hybridoma cells maintained at 80% to 100% confluency in 175 cm2 cell culture flasks 
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and stored at 4°C. If possible, hybridoma supernatants from cells adapted to growth in 

serum-free ISF-1 medium were collected for further purification. 

7.2.3 Transient Transfection of Cultured Cells 

7.2.3.1  Transfection using Lipofectamine 2000™ 

Transient transfection of Cos7 cells was conducted using Lipofectamine™ 2000. One day 

prior to transfection, 5×104 cells/well were seeded in a total volume of 0.5 ml into 24-well 

cell culture plates containing glass coverslips (Ø 15 mm) as needed. At the day of 

transfection, the culture medium was replaced to 150 µl serum- and antibiotic-free 

transfection medium (DMEM + 350 mg/l L-glutamine) 30 min prior to addition of the 

transfection mix. The transfection mix containing the DNA-liposome complexes was 

prepared as follows: 1 μl Lipofectamine™ 2000 in 50 μl transfection medium was incubated 

for 5 min at RT. Then, 0.8 μg plasmid DNA in 50 μl transfection medium were added and 

the transfection mix was incubated for 20 min at RT. Subsequently the DNA-liposome 

complex was added to the cells for 5 h. The transfection mix was removed, the cells 

washed with PBSo and supplied with transfection medium containing 10% FCS. 24 h later, 

the medium was replaced by fresh full medium and 48 h post transfection the cells were 

used for indirect immunofluorescence analysis. 

7.2.3.2  Transfection using Calcium-Phosphate Precipitation 

Calcium-phosphate precipitation was utilized to transfect HEK 293T cells in 75 cm2-flasks 

for recombinant antibody expression and in 6-well plates for expression of recombinant 

AD-5 protein (AD-5-HA/Myc or AD-4/5) and its mutant derivatives for ELISA applications. 

HEK 293T cells were seeded the previous day and transfected at 80% confluency. The 

transfection mix was prepared as described in Tab. 7.3. Mix I was added drop-wise to Mix 

II while continuously vortexing. The mixture was incubated at RT for 1 min and at 37°C for 

1 min to promote precipitate formation. The final mixture was added to the cells for 8 to 

16 h. 
 

Tab. 7.3 Transfection using calcium-phosphate precipitation 

Transfection format 75 cm
2
-flask 6-well 

Cells per dish 1×10
7
 cells/flask 1×10

6
 cells/well 

Medium volume 10 ml 2 ml 

Mix I 10 µg plasmid DNA IgG heavy chain 

10 µg plasmid DNA IgG light chain 

100 µl CaCl2 

ad 900 µl H2O 

2 µg plasmid DNA  

 

25 µl CaCl2 

ad 250 µl H2O 

Mix II 1 ml 2×BES 250 µl 2×BES 

 

Following incubation, cells were washed twice with PBSo and the medium was replaced by 

fresh medium. For antibody expression a serum-free HEK medium from Bio&SELL was 

utilized. Supernatants were harvested 4-6 d post transfection. 
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7.2.4 Reconstitution of Recombinant Viruses 

Recombinant viruses were reconstituted by transfection of virus-encoding BACmid DNAs 

into MRC5 using FuGENE HD or X-tremeGENE HP. MRC5 were seeded in 6-well dishes at 

2.3×105 cells/well the previous day and 30 min prior to transfection full medium was 

replaced by serum- and antibiotic-free medium. The transfection mix was prepared as 

described in Tab. 7.4 and incubated at RT. 

 
Tab. 7.4 Transfection for recombinant virus reconstitution 

Transfection reagent FuGENE HD X-tremeGENE HP 

Medium volume 1 ml full medium 2 ml full medium 

Transfection mix 10 µl FuGENE 

2-5 µg BAC-DNA 

1 µg pp71 plasmid DNA 

100 µl full medium 

10 µl X-tremeGENE 

2-5 µg BAC-DNA 

1 µg pp71 plasmid DNA 

200 µl full medium 

Incubation time 30 min 15 min 

Medium added for transfer 200 µl full medium none 
 

Before the transfection mix was added, the cells were supplied with full medium and 

200 µl of full medium was added to the transfection mix for transfer to the cells. Following 

incubation for 4 h, the transfection mix was removed, the cells washed twice with PBSo 

and supplied with 5 ml full medium. The medium was changed the following day and 

subsequently every two days until the cells were transferred to 75 cm2-flasks 7 d post 

transfection. Development of foci and the cytopathic effect was evaluated by light 

microscopy. Plaques were detected approximately 10 d post transfection. 

7.2.5 Reconstitution and Propagation of the AD-5-expressing Baculovirus 

To express soluble AD-5, the Baculovirus Expression Vector Systems (BEVS) from BD 

Biosciences was used. In this system, the coding sequence of the protein of interest is 

inserted into genome of the Baculovirus strain Autographa californica nuclear 

polyhedrosis virus (AcNPV) by homologous recombination. Upon infection of susceptible 

insect cells such as Spodoptera frugiperda cells, the protein of interest is expressed in high 

levels under control of the polyhedrin/p10 promoter. 

A recombinant Baculovirus for expression of AD-5 was generated by using BD BaculoGold™ 

Bright technology according to the manufacturer’s instructions. In brief, BaculoGold™ 

Bright DNA is a modified AcNPV Baculovirus DNA which contains a lethal deletion and 

does not code for viable virus. Co-transfection of the BaculoGold™ Bright DNA with a 

complementing Baculovirus transfer vector rescues the lethal deletion by homologous 

recombination. Since only the recombinant BaculoGold™ produces viable virus, 

recombination frequencies exceed 99%. Additionally, BD BaculoGold™ Bright Linearized 

DNA contains the gene for the green fluorescent protein (GFP) which is expressed in 

infected cells upon reconstitution of viable virus. For AD-5 expression, DNA encoding 

residues I133 to T343 of HCMV gB strain AD169 together with an N-terminal thrombin 
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cleavage site and a 6×His-tag was chemically synthesized by Life Technologies GmbH 

(Darmstadt, Germany) and inserted into the pAcGP67 vector in frame with the gp67 signal 

sequence coding region, C-terminally creating the additional residues ADP in the cloning 

procedure. To prevent aggregation of the purified AD-5 protein, the hydrophobic residues 

of the fusion loops YIY155-157 and W240 were exchanged to alanine. The resulting transfer 

vector pAcGP67-AD-5-FLmut-Thr-H6 was confirmed by DNA sequencing and used for co-

transfection with linearized AcNPV DNA (BD BaculoGold™ Bright Linearized DNA) into Sf9 

cells. This allowed recombination between homologous sites, transferring the 

heterologous gene from the vector to the AcNPV DNA.  

To this end, 2×106 Sf9 cells were seeded into an Ø 60 mm tissue culture plate for 20 min at 

RT until cells were firmly attached to the plate. Then, the culture medium was removed 

and 1 ml of Transfection Buffer A was added. In a microcentrifuge tube, 0.5 μg of BD 

BaculoGold™ Bright Baculovirus DNA was mixed with 2 µg of pAcGP67-AD-5-FLmut-Thr-H6 

plasmid DNA and incubated for 2 min at RT. In a separate microcentrifuge tube, the 

pVL1392-XylE Control Vector DNA (supplied with the BD BaculoGold™ Bright Linearized 

DNA) was prepared in the same way and served as positive control for transfection and 

recombination. Next, 1 ml of Transfection Buffer B was added to the DNA, mixed well and 

the Transfection Buffer B/DNA mixture was added drop-by-drop to the insect cells under a 

constant and gentle rocking movement. The cells were incubated for 4 h at 27°C, then 

washed twice with fresh medium, supplied with 2 ml culture medium and incubated for 

5-7 d. Cells infected with AD-5-expressing Baculovirus, generated by successful 

recombination, expressed GFP and were monitored by fluorescence microscopy. Finally, 

7 d after transfection, the Baculovirus-containing supernatant was harvested. 500 µl of 

this initial stock were used to infect  ten 10 cm2 dishes containing 1×107 Sf9 cells per plate 

in 15 ml culture medium for amplification of the AD-5 Baculovirus to obtain a high titer 

viral stock. Infection was monitored by fluorescence microscopy and supernatant was 

harvested 5 d post infection. The amplification stock was stored with 10% FCS at 4°C in the 

dark and could be used for several months. Correctness of recombinant virus was 

confirmed by sequencing the virus stock or the infected cells. The titer of the AD-5 

Baculovirus amplification stock was measured by fluorescence microscopy using a serial 

dilution assay in analogy to HCMV (see 7.3.2), but with GFP-expression omitting the need 

for indirect immunofluorescence staining. For this, 1×105 Sf9 per well were seeded into 

96-well flat bottom plates for 20 min at RT until cells were attached to the plate. Then, the 

supernatant was removed and the insect cells were infected with 100 μl of serial log10 

dilutions of the AD-5 Baculovirus stocks in triplicates. Infection was assessed 4 d later by 

fluorescence microscopy using an Axiovert-200 fluorescence microscope (Zeiss, Jena, 

Germany). The virus titer was determined using the method for calculating 50% endpoints 

by Reed and Muench (391). 
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7.3  Virological Methods 

7.3.1 Propagation of Virus in Cell Culture 

Virus was propagated in MRC5, HFF or ARPE-19 cells. Virus-containing supernatants from 

infected cell cultures were harvested when the CPE reached approximately 100%. To 

remove cellular debris, the supernatant was centrifuged for 15 min at 1200 rpm and 

stored in aliquots at -80°C until further use. 

7.3.2 Determination of Viral Titers 

7.3.2.1  Virus Titration using Indirect Immunofluorescence 

Virus titers of HCMV AD169, TB40/E and TB40/E-derived recombinant viruses were 

determined by IE1 fluorescence staining (392) and the 50% end-point dilution assay by 

Reed and Muench (391). For this, 1×104 HFF per well were seeded into 96-well flat-bottom 

plates and infected the following day with 100 μl of serial log10 dilutions of the respective 

virus stocks in triplicates for 4 h. 24 h post infection the cells were fixed with cold 

methanol (-20°C) for 3 min followed by three wash steps with PBSo for 5 min. Cells were 

then incubated for 1 h at 37°C with the murine mab p63-27, which is directed against the 

immediate-early protein IE1 (UL123) of HCMV. Unbound antibody was removed by 

washing and bound anti-IE1 antibodies were detected with an AffiniPure polyclonal goat 

anti-mouse IgG/IgM (H+L)-Cy3 secondary antibody. After the last wash step, the wells 

were left to dry in the dark. Then, the number of IE1-positive cells was counted with the 

help of an Axiovert-200 fluorescence microscope and viral titers expressed in infectious 

units were determined using the method for calculating 50% endpoints by Reed and 

Muench (391). 

7.3.2.2  Virus Titration using Luciferase-Expression 

For the determination of multiple virus titers in parallel, a luciferase-based virus titration 

assay was established. This assay took advantage of the fact that all recombinant, 

luciferase-expressing TB40/E viruses originated from the same BACmid backbone (vBAC4-

luc) and hence carried the firefly-luciferase gene under the same promoter. Consequently, 

only the virus titer of the luciferase-expressing TB40/E could be determined in this assay. 

Upon infection of susceptible cells, luciferase is expressed and can be quantified by 

measuring the enzyme’s activity expressed in RLU. The level of luciferase expression 

correlates to the infection rate, which can be used to calculate the virus titer by 

comparison to a reference virus stock. To this end, virus stocks of interest and the 

reference stock were serially diluted (1:2) and 1×104 HFF or MRC5 were infected with 

100 µl virus dilution in duplicate. The inoculum was replaced by fresh medium after 4 h 

and the cells were incubated at 37°C for 48 h. Cells were lysed using 100 µl Glo Lysis buffer 

and 30 µl of each cell lysate was transferred into white 96-well luminescent immuno assay 

(LIA)-plates. Next, 50 µl luciferase assay buffer per well were added and luciferase activity 

was measured by injection of 50 µl luciferin solution per well. Detection of 

chemiluminescence was performed by an Orion Microplate Luminometer (Berthold 



84 Methods 

 

Technologies GmbH & Co. KG, Bad Wildbad, Germany). The virus titer was calculated by 

comparison to the reference curve determined by the reference virus stock. The titer of 

the latter was previously determined via indirect immunofluorescence (7.3.2.1) and 

confirmed twice. 

7.3.3 Determination of Viral Replication Kinetics 

To analyze viral replication kinetics, 3×104 HFF were seeded into 24-well dishes one day 

prior to infection. To monitor the infection rate at d 1 post infection, wells contained 

coverslips for indirect immunofluorescence. Cells were infected with a moi of 0.04-0.3 in a 

total volume of 500 µl. To increase infectivity, the cells were centrifuged for 30 min at 

1900 g and 37°C. The inoculum was removed 4 h later, the cells were washed twice with 

PBSo and supplied with 1 ml fresh medium. One day later the infection rate was 

determined by IE1 fluorescence staining (see 7.5.2). Virus-containing cell culture 

supernatants of wells with comparable infection rates were harvested 2, 8, 12 and 16 d 

post infection and stored at RT. The virus titer was subsequently determined as described 

in 7.3.2.2. 

7.3.4 Cell-to-Cell Spread Assay 

To address viral cell-to-cell spread in vitro, 1×104 cells/well of HFF and ARPE-19 cells were 

seeded into black 96 well ibidi µ-plates with a flat and clear bottom for live-cell 

microscopy. Cells were then infected with a YFP-expressing HCMV stain TB40/E (TB40/E-

IE2-YFP), which was kindly provided by Nadine Wagenknecht (group of Prof. Dr. Thomas 

Stamminger, Institute for Virology, Erlangen, Germany). This recombinant virus encodes 

for an IE2-YFP fusion protein. Since IE2 is expressed with early kinetics in the nucleus of 

infected target cells, focal spread of virus infection could be monitored in cell culture by 

live-cell fluorescence microscopy using a Leica DMI6000 Microscope System (Leica Micro-

systems, Wetzlar, Germany). Following infection of the target cells for 4 h with a 

previously determined moi that resulted in approximately 5-15 productively infected cells 

per well, the inoculum was removed and replaced by fresh medium containing 50 µg/ml of 

virus neutralizing antibody, non-neutralizing control antibody or no antibody to determine 

regular focal spread. Spread of individual foci was monitored by fluorescence microscopy 

and the number of infected cells, i.e. YFP-positive cells, per focus was counted. Per 

antibody or control 8 to 40 productively infected foci were monitored every day or every 

second day for up to 8 d in HFF and 14 d in ARPE-19. After 14 d of infection, the antibody-

containing supernatants were analyzed in neutralization assays (see 7.3.5) to exclude 

potential loss of neutralizing activity due to antibody turn over. 

7.3.5 Neutralization Assay 

The neutralizing activity of antibodies was analyzed using three different recombinant 

HCMVs on different cell types. First, the AD169-based recombinant virus HB15-UL84prluc, 

a virus that carries the firefly luciferase gene under the control of the HCMV UL84 

promoter. This virus is restricted to replication in fibroblasts and was used at 275 pfu/well. 
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Second, the TB40/E-BAC4-derived endothelio- and epitheliotropic virus TB40/E*. This virus 

is able to infect all cell types of interest, as it has a functional UL128-131 locus. It was used 

at 600 pfu/well on HUVEC and neutralization was measured using indirect immuno-

fluorescence (see 7.3.5.2). Third, a luciferase-expressing TB40/E virus. This virus was 

reconstituted from vBAC4-luc, a TB40/E-BAC4-derived BACmid lacking the genes UL5 to 

UL9 and carrying an SV40 promoter-driven luciferase expression cassette at the position of 

the deleted locus (308). The same BACmid, i.e. vBAC4-luc, was used to generate the 

recombinant viruses carrying alanine substitutions in AD-5 of gB (see 7.1.10) and 

respective reconstituted viruses (see 7.2.4) were also tested in neutralization. TB40/E and 

its gB-mutated recombinant derivatives were used at 3000 to 9000 pfu/well on HFF and 

ARPE-19. To increase infectivity of TB40/E on ARPE-19, the cells were centrifuged for 30 

min at 1900 g and 37°C after addition of the virus inoculum. The centrifugation process 

had no influence on the antiviral activity of antibodies. 

7.3.5.1  Luciferase-based in vitro Neutralization Assay 

As mentioned above, the luciferase gene is expressed upon infection of cells and can be 

quantified in RLU. The level of luciferase expression correlates to the infection rate, which 

can be used to calculate % neutralization according to the following formula: 

% neutralization = [1 – (RLU of sample with antibody – background) / (mean RLU of virus 

only – background)] × 100. 

MRC5, HFF or ARPE-19 (1×104 cells/well) were seeded in 96-well flat-bottom plates. HCMV 

TB40/E or recombinant viruses (3000 to 9000 pfu) were pre-incubated with serial log2 

dilutions of mab or polyclonal antibody preparations for 1 h at 37°C in sterile round-

bottom plates (Nunculon™ Surface) in duplicate. Then, the mixture was added to the cells 

for 4 h. The inoculum was replaced by fresh medium and the cells were incubated at 37°C 

for 48 h. Cells were lysed using 100 µl Glo Lysis buffer per well. 30 µl of each cell lysate 

was transferred into white 96-well LIA-plates and 50 µl luciferase assay buffer per well was 

added. Luciferase activity was measured by injection of 50 µl luciferin solution per well 

and detection of chemiluminescence was performed by an Orion Microplate Lumino-

meter. The data were plotted as percent neutralization versus control wells, where no 

antibody was added and the IC50 values were determined. The data were analyzed using 

Microsoft Excel 2010 (Microsoft Co., Redmond, USA) und plotted with GraphPad Prism® 5 

(GraphPad Software, Inc., La Jolla, USA). 

7.3.5.2  Neutralization Assay using Indirect Immunofluorescence 

To assess the neutralizing activity of antibodies on endothelial cells by indirect 

immunofluorescence, 1.5×104 HUVEC were seeded into 96-well plates that were pre-

coated with 0.1% gelatin. The antibody-virus mixture was prepared as described in 7.3.5.1. 

In this case, HCMV TB40/E* was used at 600 pfu/well, an infectivity that yielded 60 to 80 

infected cells per field of vision. Infection was carried out as described above and 24 h 

later, the cells were fixed and analyzed using indirect immunofluorescence as outlined in 

7.3.2.1. The number of infected cells per field of vision was counted and percent 
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neutralization was calculated as follows: % neutralization = [(1 – (number of infected cells 

with antibody / number of infected cells without antibody)] × 100. The data were analyzed 

using Microsoft Excel 2010 und plotted with GraphPad Prism® 5. 

7.3.6 Virus Adsorption Assay 

 To analyze whether antibodies were able to block attachment of free virus to the cell 

surface of susceptible target cells, HFF were seeded at 3×104 cells per well in 96-well 

plates. HCMV strain AD169 (HB15-UL84prluc, see also 7.3.5) was pre-incubated with 

individual mabs for 1 h at 37°C at concentrations ensuring complete neutralization. Cells 

and the virus-antibody mixture were cooled to 4°C and the mixture was subsequently 

added to the cells at a moi of 0.5. Following incubation for 1 h at 4°C to allow for virus 

attachment to the cell surface, cells were washed three times with ice-cold PBSo and cell 

lysates were prepared by repeated freeze-thaw cycles. DNA extraction and quantitative 

real time PCR was performed by the diagnostics department of the Institute of Virology, 

Erlangen, Germany. In brief, DNA was extracted from the cell lysates using a 

MagNA Pure LC instrument (Roche Diagnostics GmbH, Mannheim, Germany) and 

quantitative real-time PCR was performed on an ABI Prism® 7500 System (Applied 

Biosystems, Inc., Foster City, USA). To control for recovery of cells, copy numbers of 

albumine DNA were determined in parallel to HCMV and HCMV copies were calculated 

per 1000 copies albumine. Primers for real-time PCR are listed in Tab. 8.2, p 99. 

7.3.7 Virus Penetration Assay 

For the penetration assay, 1×104 HFF per well were pre-cooled and incubated with HCMV 

strain AD169 at a moi of 0.2 for 1 h at 4°C. Then, the cells were washed twice with ice-cold 

PBSo and incubated for 2 h at 37°C with log10 dilutions of antibody to allow for 

penetration of virus particles into the cells. After incubation, remaining antibody was 

removed by washing twice with PBSo, before cells were incubated for 48 h at 37°C. 

Subsequent steps were carried out according to the virus neutralization assay (see 

7.3.5.1). Chemiluminescence of the virus only control was set to 100%. 

 

7.4  Protein Biochemical Methods 

7.4.1 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

The electrophoretic separation of proteins according to their molecular weight was 

performed in Bio Rad’s modular mini vertical gel electrophoresis system. To this end, 

polyacrylamide (PAA) gels of different pore sizes were prepared. First, the resolving gel 

was poured between two glass plates and gently overlaid with 2-propanol. After the gel 

had polymerized, the overlay was decanted and the gel was covered by a stacking gel (5% 

acrylamide) into which a comb was inserted. The protein samples were denatured in 

2×SDS-loading buffer by heating for 5 min at 95°C under reducing or non-reducing 

conditions. The prepared samples were then loaded into the gel slots formed by the comb. 

As a size reference standard, 5 μl of the PageRuler™ Prestained Protein Ladder were used. 
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Vertical gel electrophoresis was carried out in 1×SDS-running buffer at 270 V for 

approximately 45 min to 1 h. 

7.4.2 Coomassie Staining 

For visualization of proteins following SDS-PAGE, the PAA gels were incubated for 15 min 

in Coomassie staining solution on a rocking table. Subsequently the gel was destained in 

destaining solution I until a sufficient level of destaining was achieved. The gel was then 

rehydrated in destaining solution II and dried for approximately 2 h at 80°C in a protein gel 

dryer (Model 583 gel dryer, Bio-Rad Laboratories, Inc., Munich, Germany). 

7.4.3 Quantitative Protein Concentration Measurement 

7.4.3.1  Micro BCA Assay 

To determine the concentration of a protein solution, the Pierce Micro BCA™ Protein Assay 

was used. A 96-well plate was prepared in advance with 200 μl/well of the BCA working 

solution (consisting of solution A and solution B at a 50:1 ratio). The protein solution of 

interest was serially diluted in PBSo in triplicate in a total volume of 25 μl or used 

undiluted in case of low protein concentrations. The samples were transferred to the 

reaction wells and incubated for 30 min at 37°C. In order to obtain a reference standard 

curve, a BSA standard with known concentration was used on the same plate. After 

measuring the absorption at 560 nm with the Emax ELISA microplate reader (Eurofins 

MWG Operon, Ebersberg, Germany), the protein concentration was calculated by 

comparison to the reference curve using the software Softmax Pro 3.0 (Molecular Devices, 

Sunnyvale, USA). 

7.4.3.2  Nanodrop 

The protein concentration of samples containing purified protein was also determined 

using the NanoDrop™ 1000 spectrophotometer (Thermo Fisher Scientific, Inc., Bonn, 

Germany). The protein content was determined by measuring the OD280 of the solution 

and the exact concentration was calculated using the Beer-Lambert equation considering 

the molar extinction coefficient and molecular weight of the protein. Respective protein 

parameters were obtained using ProtParam by entering the amino acid sequence (393). 

7.4.4 Preparation and Purification of Prokaryotically Expressed Proteins 

Expression of GST-tagged fusion proteins, i.e. AD-5-C246A-GST, was performed in E. coli 

under control of the lac operon. To this end, 250 ml LB medium (containing 100 μg/ml 

ampicillin) were inoculated with 5 ml of an overnight culture of the E. coli clone of interest 

and grown at 37°C and 160 rpm until an OD600 of 0.6-0.8 was reached. Expression of the 

GST-fusion protein was induced with 1 mM IPTG and the cells were incubated for 20 h at 

18°C. The cells were harvested by centrifugation (15 min, 4°C, 6000 rpm) and cell lysates 

were analyzed by SDS-PAGE and used for purification. The bacterial pellet was suspended 

in 12.5 ml ice-cold PBSo and the cells were lyzed by one freeze thaw cycle in liquid 

nitrogen. Further extraction was performed by three sonication cycles (30 s sonication, 

http://web.expasy.org/protparam/
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30 s on ice) using Sonifier® 450 (Branson Ultrasonics Co., Danbury, USA) at medium 

intensity. Cell lysates were incubated with 1% Triton X-100 for 30 min at RT while shaking. 

Cell debris was removed by centrifugation for 10 min at 4°C and 10000 rpm. The 

supernatant containing the GST-tagged protein was utilized for affinity purification using 

Glutathione Sepharose 4B (GE Healthcare GmbH, Munich, Germany). The Glutathione 

Sepharose 4B was incubated with the supernatant for 2 h at RT in batch system according 

to the manufacturer’s instructions. After washing, AD-5-C246A-GST was eluted from the 

beads by addition of GST elution buffer. Eluates were dialyzed against PBSo to obtain 

physiological salt concentrations using Spectrum® Spectra/Por membranes with a 6-8 kDa 

cut-off. 

7.4.5 Purification of Monoclonal Antibodies 

Monoclonal antibodies were concentrated and purified from cell culture supernatants 

using an ÄKTAprime™ automated liquid chromatography system and 1 ml HiTrap 

rProtein A or rProtein G columns (GE Healthcare GmbH, Munich, Germany). Protein A 

columns were used for purification of human antibodies and protein G columns for murine 

antibodies. The column matrix consisted of densely packed protein A- or G-coupled 

sepharose. For purification by affinity chromatography, the cell culture supernatants of 

antibody-transfected HEK 293T cells or hybridoma supernatants were filtered through a 

0.45 μm filter, degassed, and applied to the equilibrated column. For equilibrating and 

washing of the column 10-20 column volumes (CV) of a low salt sodium phosphate binding 

buffer with physiological pH were utilized (20 mM sodium phosphate buffer, pH 7.0). 

Elution of bound antibody from the column was carried out in 1 ml fractions with an acidic 

glycine buffer (0.1 M glycine, pH 3.0) followed by neutralization of the antibody-containing 

eluates with 30 μl of a basic tris buffer (1 M Tris-HCl, pH 9.0). The protein concentration 

(OD280) was monitored throughout the purification process and the curve was plotted to 

determine the peak fractions. Peak fractions were analyzed in SDS-PAGE and pooled 

according to the elution profile of the antibody. Eluates were dialyzed against PBSo to 

obtain physiological salt concentrations using Spectrum® Spectra/Por membranes with a 

cut-off of 6-8 kDa. 

7.4.6 Preparation of Antibody Fab Fragments by Papain Digestion 

An IgG molecule is cleaved into two Fab fragments and one Fc fragment by papain 

digestion. To prepare 1G2 antibody Fab fragments, 10 mg of purified 1G2 IgG was digested 

using immobilized papain protease. For this, the Pierce™ Fab Preparation Kit was used 

according to the manufacturer’s instructions. In brief, 1G2 IgG was dialyzed to cysteine-

containing digestion buffer with Zeba™ Spin Desalting Columns supplied with the kit. Per 

digestion, 250 µl of immobilized papain were incubated with 2.5 mg of purified 1G2 IgG 

for 18 h at 37°C. The eluates were pooled and the majority of undigested IgG and Fc 

fragments were removed by batch purification using Nab™ Protein A Plus Spin Columns. 

To remove residual IgG and Fc fragments, the sample was run on a 1 ml HiTrap rProtein A 

columns using the ÄKTA™purifier chromatography system (GE Healthcare GmbH, Munich, 



Methods 89 

 

Germany). For this, the sample was filtered through a 0.2 µm filter and centrifuged for 

10 min at 5000 rpm. The column was equilibrated with 5 CV 50 mM sodium phosphate 

buffer, ph 7.4, the sample was loaded at 0.8 ml/min and the column washed with 2 CV 

50 mM sodium phosphate buffer, ph 7.4. The Fab fragment-containing flowthrough and 

wash fractions were collected and pooled. The residual IgG and Fc fragments were eluted 

with 5 CV 0.2 M glycine, pH 3 in 1 ml fractions and neutralized with 30 µl 1 M Tris-HCl, 

pH 9. Samples were analyzed by SDS-PAGE and western blot analysis. The Fab-containing 

sample was concentrated to a final volume of 1.5 ml using Vivaspin® 20 ml centrifugal 

concentrators with a 5 kDa cut-off and filtered through a 0.2 µm Ultrafree®-MC centrifugal 

filter unit. For final polishing of the Fab fragments, the sample was purified by size 

exclusion chromatography using a HiLoad 16/60 Superdex 75 prep grade column (GE 

Healthcare GmbH, Munich, Germany) on an ÄKTA™purifier. After equilibration with 1.5 CV 

gel filtration buffer, the sample (1.5-2 ml) was loaded onto the column using the 10 ml 

loop. The size exclusion chromatography was run for 1.5 CV at a constant flow rate of 

0.4 ml/min. The Fab-containing eluate was collected in 2 ml fractions and peak fractions 

were analyzed by SDS-PAGE. 

7.4.7 Preparation and Purification of Soluble AD-5 Protein 

To obtain large amounts of soluble AD-5, the BEVS from BD Biosciences was used. For AD-

5 protein expression, a passage 2 high titer stock of AD-5 Baculovirus (see 7.2.5) was used 

to infect Sf9 at 2×106 cells/ml at an moi of 1. Supernatant was harvested 72-96 h post 

infection. To this end, cells were pellet by centrifugation at 800 rpm at 4°C for 10 min. The 

supernatant was collected and residual cellular debris was removed by centrifugation at 

5000 rpm at 4°C for 15 min. The supernatant was dialyzed to binding buffer (HisTrap A) for 

nickel ion affinity chromatography and subsequently filtered through a 0.45 µm filter. 

AD-5 protein was purified using 1 ml HisTrap FF columns (GE Healthcare GmbH, Munich, 

Germany) on an ÄKTAprime™ automated liquid chromatography system according to the 

manufacturer’s instructions. The protein was eluted in 1 ml fractions with HisTrap B buffer 

containing 500 mM imidazole. Peak fractions were pooled and dialyzed against PBSo using 

Spectrum® Spectra/Por membranes with a cut-off of 6-8 kDa. 

7.4.8 Biotinylation of Antibodies 

Biotinylation of SM10, 2C2 and 1G2 was carried out using the EZ-Link® Sulfo-NHS 

Biotinylation Kit according to the manufacturer’s instructions. The N-Hydroxysuccinimide 

(NHS) esters react with primary amino groups (-NH2) of lysine residues of proteins to form 

stable amide bonds. Hence, it was necessary to avoid buffers containing primary amines 

(such as Tris-containing buffers), as they compete with the reaction. Antibody was 

incubated at a 20-fold molar excess with Sulfo-NHS biotin reagent to allow for binding of 

4-6 biotin groups per antibody molecule. For this 500 μg of purified SM10, 2C2 or 1G2 

antibody were incubated for 2 h on ice with 20 μl biotin (10 mM). To remove excess 

Sulfo-NHS biotin, the samples were applied to equilibrated Zeba™ Spin desalting columns 
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supplied with the kit. Antibody biotinylation was confirmed in ELISA using HRP-conjugated 

Streptavidin and soluble gB or AD-5 as antigen. 

7.4.9 Removal of N-linked Oligosaccharides by PNGase F Digest 

To remove N-linked oligosaccharides from glycoproteins expressed in eukaryotic cell 

culture, N-glycosidase F (PNGase F) digest was carried out. HEK 293T cells were 

transfected with plasmid DNA, i.e. AD-5-HA/Myc. Six days later supernatants were 

collected, concentrated to one tenth of the original volume using Vivaspin® 6 centrifugal 

concentrators (cut-off 10 kDa) and subsequently subjected to PNGase F digest. For this, 

9 μl concentrated cell culture supernatant, 2 μl 10×denaturing buffer, 2 μl 10% NP-40, 2 μl 

10×G7 reaction buffer, 1 μl NEB PNGase F, and 4 μl H2O were mixed to a final volume of 

20 µl and incubated for 2 h at 37°C. Subsequently, deglycosylated samples were separated 

by SDS-PAGE and analyzed by western blot analysis with suitable antibodies. 

 

7.5  Immunological Methods 

7.5.1 Enzyme-linked Immunosorbent Assay (ELISA) 

For ELISA applications, relevant antigens were coated to NuncImmuno™ 96-well plates or 

NuncImmuno™ modules with Maxisorb™ surface. Antigens were diluted in ELISA coating 

buffer or 6 M urea (AD-1 only) to the adequate concentration and coupled in a volume of 

50 μl/well over night at 4°C. If not mentioned otherwise, all wash steps were carried out 

three times for 5 min at RT using PBSo containing 0.1% Tween 20. After washing, the 

plates were blocked with 200 μl/well PBSo containing 2% FCS for 1 h at 37°C. Then, 

reaction wells were washed and incubated for 1 h at 37°C with cell culture supernatants, 

primary antibodies or sera diluted in PBSo containing 2% FCS in a volume of 50 μl/well. 

Following removal of unbound components by washing, wells were incubated with 

50 μl/well of matching HRP-conjugated secondary antibody for 1 h at 37°C. Plates were 

washed and antibody binding was detected by incubating the reaction wells with 100 μl of 

tetramethylbenzidine (TMB) peroxidase substrate diluted 1:1 in peroxidase substrate 

solution B for 3.5-5 min. The enzyme reaction was stopped by adding 100 μl of 1 M 

phosphoric acid. The optical density at 450 nm (OD450) was determined using an Emax 

ELISA microplate reader. For specific ELISA applications, antigen concentrations and 

antibody dilutions were utilized as per particulars given below. 

7.5.1.1  IgG ELISA 

To determine the IgG concentration in a specimen by ELISA, NuncImmuno™ 96-well plates 

were coated with 100 ng AffiniPure goat anti-human IgG, Fcγ-specific, per well. Serial log2 

dilutions of the antibody-containing specimen were added in duplicate and bound IgG was 

detected with a polyclonal HRP-conjugated goat anti-human IgG F(ab’)2-fragment, Fcγ-

specific, diluted 1 to 5000. A human IgG preparation with known concentration 

(ChromPure human IgG, whole molecule from Jackson ImmunoResearch Laboratories, 
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Inc., West Grove, USA) was defined as standard for concentration analysis. For murine IgG 

ELISAs, equivalent murine-specific antibodies were used. 

7.5.1.2  Antigen ELISA 

The following antigens (Tab. 7.5) were used for analysis of antibody binding to the 

antigens. 
 

Tab. 7.5 Antigens and protein amounts used for antigen ELISAs 

Antigen Protein amount per well Coat buffer 

gB 25 ng 0.05 M sodium carbonate buffer, pH 9.6 

AD-1 100 ng 6 M urea 

AD-2 25 ng 0.05 M sodium carbonate buffer, pH 9.6 

AD-4 25 ng 0.05 M sodium carbonate buffer, pH 9.6 

AD-5 150 ng 0.05 M sodium carbonate buffer, pH 9.6 

AD-5-C246A-GST 500 ng/well 0.05 M sodium carbonate buffer, pH 9.6 

GST 100 ng/well 0.05 M sodium carbonate buffer, pH 9.6 
 

If not indicated otherwise, antibodies and polyclonal antibody preparations were used at 

0.5-2 µg/ml, sera at a 1:50, hyperimmune globulins at a 1:200 and the mouse anti-GST 

antibody at a 1:250 dilution. Bound IgG was detected with a polyclonal HRP-conjugated 

goat anti-human IgG F(ab’)2-fragment, Fcγ-specific (1:5000), polyclonal rabbit anti-human 

IgG-HRP (1:6000) or polyclonal rabbit anti-mouse IgG-HRP (1:1000). 

7.5.1.3  Competition ELISA 

For competition ELISAs, antibodies SM10, 2C2 and 1G2 were biotinylated using the EZ-

Link® Sulfo-NHS-Biotinylation Kit according to the manufacturers’ instructions (see 7.4.8). 

Per well 25 ng of soluble gB or 150 ng AD-5 were coated and incubated with serial log2 

dilutions of mab or serum. Unbound antibody was removed in three stringent wash steps 

using PBSo plus 0.1% Tween 20 and 0.2 M NaCl. Biotinylated antibody was added at a 

constant concentration below saturation and subsequently detected using HRP-

conjugated Streptavidin at a dilution of 1:8000. 

7.5.1.4  Capture ELISA 

To analyze binding of anti-AD-5 mabs or polyclonal anti-AD-5 antibody preparations to 

AD-5 wt or mutant proteins in capture ELISA, NuncImmuno™ 96-well plates were coated 

with 50 ng of purified anti-HA mab per well. Reaction wells were incubated with 

comparable amounts of HA-tagged AD-5 (AD-5-HA/Myc or AD-4/5) wt or mutant protein 

for 2 h. Unbound protein was removed by washing and primary antibody (mab or 

polyclonal antibody preparation) was added in serial log2 dilutions starting at 2-0.5 μg/ml. 

Bound antibody was detected by a polyclonal HRP-conjugated goat anti-human IgG 

F(ab’)2-fragment, Fcγ-specific (1:5000). For each antibody, the OD450 value of AD-5 wt 

recognition was set to 100% and percent recognition of mutant proteins was calculated. 
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7.5.1.5  Isotype ELISA 

100 ng of goat anti-mouse IgG (H+L) per well were coated followed by incubation with 

hybridoma samples and reference samples of known isotype. As reference samples, the 

SouthernBiotech mouse immunoglobulin isotype panel was used. Reference samples were 

utilized at a concentration of 1 μg/ml. Detection was carried out with HRP-coupled 

isotype-specific goat anti-mouse secondary antibodies that were utilized at a 1:2000 

dilution. For this the SouthernBiotech SBA Clonotyping™ System/HRP was utilized. The 

anti-κ/-λ specific IgG ELISA was carried out correspondingly, using anti-κ/-λ specific 

secondary antibodies. 

7.5.2 Indirect Immunofluorescence Analysis 

Cos7 cells for indirect immunofluorescence were fixed and permeabilized 48 h after 

transfection with cold methanol for 3 min. After washing three times with PBSo, the cells 

were incubated with primary antibody diluted in PBSo containing 2% FCS for 1 h at 37°C in 

a humid atmosphere. After three more wash steps with PBSo, coverslips were incubated 

with the appropriate FITC- or Cy3-conjugated secondary antibody for 1 h at 37°C in a 

humid atmosphere. After three final wash steps with PBSo, the coverslips were extracted 

from 24 well plates and placed face-down on a microscope slide. DNA counter-staining 

was performed using the DAPI-containing mounting medium Vectashield®. Antibody 

binding was documented by fluorescence microscopy (Axioplan 2, Carl Zeiss, Jena, 

Germany) using the MetaVue® imaging system (Molecular Devices, Sunnyvale, USA). 

7.5.3 Western Blot Analysis 

For western blot analysis, the proteins of interest were first separated according to their 

size by SDS-PAGE (see 7.4.1) and subsequently transferred to a Protran® nitrocellulose 

membrane. To this end, a semi-dry transfer procedure using the Trans-Blot® SD semi-dry 

transfer cell (Bio-Rad Laboratories, Inc., Munich, Germany) was performed. The blot ran at 

1 mA per cm2 membrane for 45 min. Then, the membrane was blocked with a 3% dry milk 

solution in PBSo either over night at 4°C or for 1 h at RT. Primary antibody incubation was 

carried out for 1 h at 37°C followed by three wash steps with PBSo plus 0.1% Tween 20. 

The appropriate HRP-conjugated secondary antibody was added for 1 h at RT and the 

membrane washed twice with PBSo plus 0.1% Tween 20, twice with PBSo and twice with 

H2O. After addition of the ECL substrate solution the bioluminescence signal was detected 

using the CCD camera-system Fuji LAS-1000 (FUJIFILM Europe GmbH, Düsseldorf, 

Germany). Pictures were analyzed using AIDA image analyzer (Raytest GmbH, 

Straubenhardt, Germany) and Adobe Photoshop CS5 (Adobe Systems, Inc., San José, USA). 
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7.5.4 Covalent Coupling of AD-5 to AminoLink Plus Resin 

To prepare an affinity matrix for immunoaffinity chromatography, 2 mg of purified AD-5 

protein were equilibrated to coupling buffer using Zeba™ Spin desalting columns supplied 

with the kit and then conjugated to 2 ml AminoLink Plus Coupling Resin by reductive 

amination. The coupling procedure was performed according to the manufacturer’s 

instructions and the coupling efficiency was verified by SDS-PAGE and western blot 

analysis. 

7.5.5 AD-5-specific Immunoaffinity Chromatography of Human Sera 

For preparation of polyclonal anti-AD-5 antibodies via AD-5 immunoaffinity chroma-

tography, approximately 50 ml of individual HCMV-convalescent sera or 2 ml of HCMV 

hyperimmune globulin (Cytotect® CP Biotest or HIS #8), diluted 1:4 (v/v) with PBSo, was 

passed over 2 ml AD-5-coupled beads, followed by extensive washing with PBSo. Bound 

IgG was eluted with 0.1 M glycine, pH 3.0, in 1 ml fractions. The acidic pH was immediately 

neutralized with 30 µl 1 M Tris-HCl, pH 9.0 and fractions were dialyzed against PBSo using 

Spectrum® Spectra/Por membranes with a cut-off of 6-8 kDa. Total IgG concentration of 

the individual polyAD-5 antibody preparations was determined by IgG ELISA as described 

in 7.5.1.1 and specificity was confirmed in ELISA and indirect immunofluorescence. 

 

7.6  Animal Experiments 

To characterize the immune response to AD-5 and gB following immunization, naïve 

C57BL/6 CD8-/- mice were immunized in a prime-boost fashion with 20 μg AD-5 (3 animals) 

or 5 μg gB (3 animals), respectively. 100 μl Imject® Alum per animal were used as an 

adjuvant and a total volume of 200 µl was injected intraperitoneal. Mice were boosted 

three times after initial immunization at an interval of 5.5 weeks. Immunized animals were 

analyzed at different time points for immunogen-specific antibody titers. Two weeks after 

the final boost mice were exsanguinated and serum was collected for analysis.  

For generation of hybridomas, C57BL/6 CD8-/- donor mice were immunized three times in 

a prime-boost fashion with 5 µg gB. 100 μl Imject® Alum per animal were used as adjuvant 

and intraperitoneal immunizations were carried out at an interval of 4 weeks. Four days 

prior to splenectomy mice were boosted with 2 µg gB in PBSo intravenously. 
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8. Material 

8.1  Chemicals, Reagents and Consumables 

Unless noted otherwise, chemicals and reagents for laboratory use were purchased from 

Becton, Dickinson and Co. (Heidelberg, Germany), Biotest (Dreieich, Germany), Carl Roth 

GmbH & Co.KG (Karlsruhe, Germany), Gerbu Biotechnik GmbH (Wieblingen, Germany), 

KPL - Kirkegaard & Perry Laboratories, Inc. (Gaithersburg, USA), Life Technologies GmbH 

(Darmstadt, Germany), Merck KGaA (Darmstadt, Germany), PJK GmbH (Kleinblittersdorf, 

Germany), Promega (Mannheim, Germany), Roche Diagnostics GmbH (Mannheim, 

Germany), SERVA Electrophoresis GmbH (Heidelberg, Germany), Sigma-Aldrich Chemie 

GmbH (Steinheim, Germany), Thermo Fisher Scientific, Inc. (Bonn, Germany) and Vector 

Laboratories, Inc. (Burlingame, USA). Unless noted otherwise, laboratory consumables 

were purchased from A. Hartenstein Laborbedarf GmbH (Würzburg, Germany), B. Braun 

Melsungen AG (Melsungen, Germany), Biozym Scientific GmbH (Hessisch Oldendorf, 

Germany), Corning, Inc. (Wiesbaden, Germany), Eppendorf AG (Hamburg, Germany), 

Fermentas GmbH (St. Leon-Rot, Germany), Greiner Bio-One (Frickenhausen, Germany), 

ibidi GmbH (Martinsried, Germany), medco Diagnostika GmbH (Munich, Germany), Nunc 

(Wiesbaden, Germany), PEQLAB Biotechnologie GmbH (Erlangen, Germany), Sarstedt AG 

& Co. (Nümbrecht, Germany), Thermo Fisher Scientific (Bonn, Germany) and Whatman 

GmbH (Dassel, Germany). 

 

8.2  Cell Culture Media and Buffers 

All media, buffers and solutions were exclusively prepared with ultrapure water from the 

Merck Millipore Milli-Q System (Schwalbach, Germany). Unless noted otherwise, 

percenttages refer to volume-volume (v/v) percentage. 

8.2.1 Media for Prokaryotic Cell Culture 

All media were autoclaved for 20 min at 120°C. 
 

Medium Composition 

LB medium 10 g/l Bacto™ Trypton, 5 g/l Bacto™ Yeast Extract, 5 g/l NaCl, pH 7.2 with NaOH 

optional: 100 mg/l ampicillin, 30 mg/l kanamycin and/or 17 mg/l chloramphenicol 

LB agar 15 g Bacto™ Agar per 1 l LB medium 

SOC medium 20 g/l Bacto™ Trypton, 5 g/l Bacto™ Yeast Extract, 2.5 g/l NaCl, 10 mM MgCl2, 

10 mM MgSO4, 20 mM glucose 

 

8.2.2 Media for Eukaryotic Cell Culture 

Commercial media were obtained from Biochrom AG (Berlin, Germany), Bio&SELL e.K. 

(Feucht, Germany), Gibco® Life Technologies GmbH (Darmstadt, Germany), Lonza Ltd. 

(Basel, Switzerland) or Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Fetal calf 
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serum (FCS) was obtained from PAN™ Biotech GmbH (Aidenbach, Germany) or Sigma-

Aldrich (Steinheim, Germany). 
 

Medium Description Supplemented with Cultivation of 

DMEM 

 

Dulbecco’s minimal essential 

medium 

350 mg/l glutamine 

100 mg/l gentamycin 

10% FCS 

Cos7 

HEK 293T 

MRC5 

HFF 

DMEM/F12 

 

Dulbecco’s Modified Eagle’s 

Medium/Ham’s Nutrient 

Mixture F12, 1:1 

350 mg/l glutamine 

100 mg/l streptomycin 

100 U/ml penicillin 

10% FCS 

ARPE-19 

EBM-2 Endothelial cell basal medium EGM-2MV-Kit HUVEC 

MEM Minimal essential medium 350 mg/l glutamine 

100 mg/l gentamycin 

5% FCS 

HFF 

RPMI-1640 

 

Roswell Park Memorial Institute 

medium, 1640 

350 mg/l glutamine 

100 mg/l streptomycin 

100 U/ml penicillin 

10% FCS 

Hybridoma 

ISF-1 Serum-free medium for hybridoma 

culture 

optional: 

100 mg/l streptomycin 

100 U/ml penicillin 

Hybridoma 

Sf-900™ II SFM serum-free, protein-free medium for 

insect cell culture 

0.25 mg/l amphotericin B 

100 mg/l streptomycin 

100 U/ml penicillin 

optional: 10% FCS 

Sf9 

Bio&SELL HEK-

Medium 

Serumfree 

Serum-free medium for HEK 293 cell 

culture 

optional: 

350 mg/l glutamine 

100 mg/l gentamycin 

HEK 293T 

 

8.2.3 Buffers and Solutions 

Standard buffers and solutions 

Buffer Composition 

PBSo (phosphate buffered saline) 137 mM NaCl, 2.68 mM KCl, 7.3 mM Na2HPO4, 

1.47 mM KH2PO4, pH adjusted to 7.4 with HCl 

0.1 M Sodium phosphate buffer, pH 7.0  117 ml 0.2 M NaH2PO4, 183 ml 0.2 M Na2HPO4, pH 7.0 

0.1 M Sodium phosphate buffer, pH 7.4 57 ml 0.2 M NaH2PO4, 243 ml 0.2 M Na2HPO4, pH 7.0 

10×T4 buffer 330 mM Tris, 660 mM CH3COOK, 100 mM (CH3COO)2Mg, pH 

adjusted to 7.9 with acetic acid 

 

Buffers for gel electrophoresis 

Buffer Composition 

10×TBE buffer 900 mM Tris, 900 mM boracic acid, 25 mM EDTA 

6×DNA loading dye 0.25% bromophenol blue, 30% glycerin 
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Buffers and solutions for SDS-PAGE 

Buffer Composition 

5% SDS-PAA stacking gel (10ml) 1.7 ml 30% acrylamide, 0.7 ml 2% bis-acrylamide, 

1.24 ml 1 M Tris pH 6.8, 50 μl 10% APS, 20 μl TEMED 

12.5% SDS-PAA resolving gel (20ml) 8.44 ml 30% acrylamide, 1.31 ml 2% bis-acrylamide, 1.24 ml 

1 M Tris pH 8.8, 101 µl 20% SDS, 76 μl 10% APS, 16 μl TEMED 

10×SDS running buffer 1.9 M glycine, 250 mM Tris, 38 mM SDS 

2×SDS-loading dye, reducing (20ml) 125 mM Tris pH 6.8, 4% SDS, 20% glycerin, 10% β-ME 

2 mM EDTA pH 6.8, 0.01% bromophenol blue 

2×SDS-loading dye, non-reducing (20ml) 125 mM Tris pH 6.8, 4% SDS, 20% glycerin, 2 mM EDTA pH 

6.8, 0.01% bromophenol blue 

 

 

Buffers and solutions for Coomassie staining 

Buffer Composition 

Coomassie staining solution (330 ml) 5 g Brillant Blue G-250, 150 ml methanol, 30 ml acetic acid 

destaining solution I 45% methanol, 12% acetic acid 

destaining solution II 5% methanol, 5% acetic acid 

 

 

Buffers and solutions for western blot analysis 

Buffer Composition 

Transfer buffer 25 mM Tris, 192 mM glycine, 20% methanol 

Ponceau S staining solution 3% trichloroacetic acid, 0.2% Ponceau S 

Wash buffer 0.1% Tween 20, PBSo 

Block buffer 3% dry milk powder, 0.1% Tween 20, PBSo 

ECL substrate solution 4 ml ECL solution A (luminol), 40 μl ECL solution B 

(p-coumaric acid), 1.24 μl H2O2 

 

 

Buffers and solutions for ELISA 

Buffer Composition 

ELISA coating buffer 0.05 M sodium carbonate buffer, pH 9.6 

(15 mM Na2CO3, 35 mM NaHCO3) 

ELISA wash buffer 0.1% Tween 20, PBSo 

ELISA wash buffer (stringent) 0.1% Tween 20, 0.2 M NaCl, PBSo 

ELISA block solution 2% FCS, PBSo 

TMB substrate solution 1:1 mixture of TMB peroxidase substrate and peroxidase 

substrate solution B 
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Buffers for protein purification 

Buffer Composition 

GST elution buffer 10 mM reduced L-glutathione, 50 mM Tris 

pH adjusted to 8.0 with HCl 

Protein A/G binding buffer 20 mM NaH2PO4, pH 7.0 

Protein A/G elution buffer 0.1 or 0.2 M glycine, pH adjusted to 3.0 with HCl 

Protein A/G neutralization buffer 1 M Tris, pH adjusted to 9.0 with HCl 

HisTrap A (binding buffer) 20 mM NaH2PO4, 500 mM NaCl, 40 mM imidazole, 

pH adjusted to 7.4 with NaOH 

HisTrap B (elution buffer) 20 mM NaH2PO4, 500 mM NaCl, 500 mM imidazole, 

pH adjusted to 7.4 with NaOH 

Gel filtration buffer 20 mM Tris, 150 mM NaCl, pH adjusted to 7.4 with HCl 

 

Buffers and solutions for luciferase assays 

Buffer Composition 

LAP (luciferase assay buffer) 15 mM K3PO4 (pH 7.8), 25 mM glycylglycine, 15 mM MgSO4, 

4 mM EGTA, freshly added: 5 mM ATP, 1 mM DTT 

LS (luciferin solution) 25 mM glycylglycine, 15 mM MgSO4, 4 mM EGTA,  freshly 

added: 0.05 mM D-luciferin, 2 mM DTT 

 

8.3  Cells and Viruses 

8.3.1 Prokaryotic Cell Culture 

E. coli Features Source 

DH10B™ F-mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74 deoR recA1 

endA1 araD139 Δ(ara,leu)7697 galU galK λ-rpsL nupG 

Life Technologies GmbH 

Darmstadt, Germany 

GS1783 E. coli DY380 that additionally carry the I-SceI homing 

endonuclease gene (arabinose-inducible) in their genome 

DY380 are based on DH10B: F-mcrA Δ(mrr-hsdRMS-mcrBC) 

Φ80lacZΔM15 ΔlacX74 deoR recA1 endA1 araD139 Δ(ara,leu)7697 

galU galK λ-rpsL nupG [ λcI857 (cro-bioA) <> tet] 

Kindly provided by  

C. Sinzger, Institute for 

Virology, University of 

Ulm, Ulm, Germany 

 

8.3.2 Eukaryotic Cell Culture 

Cells Description Isolated from Origin (Source) 

Cos7 SV40 transformed cell line Kidney African green monkey 

(CRL-1651™, ATCC) 

HEK 293T SV40 transformed cell line Kidney Human (CRL-11268™, ATCC) 

MRC5 Fetal lung fibroblast cell line Lung Human (CCL-171™, ATCC) 

HFF Primary foreskin fibroblasts Foreskin Human (own production) 
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Cells Description Isolated from Origin (Source) 

ARPE-19 Retinal pigment epithelia cell line Retina Human (CRL-2302™, ATCC) 

HUVEC Primary umbilical vein endothelial cells Umbilical vein Human (CRL-1730™, ATCC) 

Sf9 Clonal isolate from insect  

cell line IPLB-Sf-21-AE 

Ovarian tissue Fall army worm (CRL-1711™, ATCC) 

(Spodoptera frugiperda) 

p63-27 Hybridoma cell line (IE1-specific) Spleen Mouse (394) 

27-287 Hybridoma cell line (gB-specific) Spleen Mouse (21, 278) 

SP2/0 Mouse myeloma cell line Spleen Mouse (CRL-1581™, ATCC) 

9D11 Hybridoma cell line (gB/AD-5-specific) Spleen* Mouse (this study) 

7C2 Hybridoma cell line (gB/AD-5-specific) Spleen* Mouse (this study) 

1B12 Hybridoma cell line (gB/AD-5-specific) Spleen* Mouse (this study) 

8G6 Hybridoma cell line (gB/AD-5-specific) Spleen* Mouse (this study) 

2D9 Hybridoma cell line (gB/AD-1-specific) Spleen* Mouse (this study) 

4D11 Hybridoma cell line (gB/AD-1-specific) Spleen* Mouse (this study) 

*Hybridoma cell lines were generated by fusion of B cells with murine myeloma cells. 

8.3.3 Viruses 

The HCMV viruses used in this study are summarized in Tab. 8.1. For expression of soluble 

AD-5, a recombinant Autographa californica nuclear polyhedrosis virus (AcNPV) Baculo-

virus strain was generated by homologous recombination as described in 7.2.5, p 81. 

 
Tab. 8.1 Viruses and virus mutants. 

Virus HCMV strain Features Source 

HB15-

UL84prluc 

AD169 Recombinant luciferase-expressing virus, that 

carries the firefly luciferase gene under the 

control of the HCMV UL84 promoter 

Kindly provided by 

T. Stamminger, Institute 

for Virology, Erlangen, 

Germany (176) 

TB40/E* TB40/E TB40/E-BAC4-derived endothelio- and 

epitheliotropic virus 

Kindly provided by  

C. Sinzger, University of 

Ulm, Ulm, Germany (395) 

TB40/E-IE2-

YFP 

TB40/E TB40/E-BAC4-derived recombinant virus codes 

for an IE2-YFP fusion protein 

Kindly provided by T. 

Stamminger, Institute for 

Virology, Erlangen, 

Germany 

TB40/E TB40/E Luciferase-expressing virus derived from vBAC4-

luc, a TB40/E-BAC4-derived BACmid where the 

genes UL5 to UL9 are exchanged to an SV40 

promoter-driven luciferase expression cassette 

Kindly provided by 

B. Adler, LMU Munich, 

Munich, Germany (308) 

TB40/E virus 

mutants 

TB40/E Recombinant viruses based on vBAC4-luc, which 

carry mutations in the AD-5 coding sequence 

This study 
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8.4  Nucleic Acids 

8.4.1 Oligonucleotides 

All oligonucleotides were chemically synthesized by biomers.net GmbH (Ulm, Germany). 

Primers for molecular cloning, sequencing and other applications are listed in Tab. 8.2 and 

the respective 5’ → 3’ sequence is given. Recognition sites for restriction enzymes are 

underlined. 
 

Tab. 8.2 Primers for molecular cloning and sequencing. 

Primer Sequence Application 

gB133-Eco5-Geneart gattgaattcatcgtggcccacacc AD-5 mutants 

gB343-Xba3-Geneart atcttctagatcatcaggtcacgttc AD-5 mutants 

gB133+GS-Eco5 Geneart gattgaattcggcagcggcagcggcagcggcagcg
gcagcatcgtggcccacaccttcaa 

AD-5-HA/Myc mutants 
(pcDomI-HA+Myc) 

gB343+GS-Xba3 Geneart atcttctagattacaggtcctcctcgctgatcagcttc
tgctcgctgccgctgccgctgccgctgccggtcacgt
tcttctcgtcct 

AD-5-HA/Myc mutants 
(pcDomI-HA+Myc) 

DomI-T270-Geneart-Age5 gattaccggtgacgtggtgta AD-4/5 mutants from AD-5-HA/Myc 

DomI-E326-Geneart-Xho3 cccgctcgagaaagg AD-4/5 mutants from AD-5-HA/Myc 
Geneart 1 s gatctgatcgtagt AD-4/5 mutants 

Geneart 2 as ccatatcagctagc AD-4/5 mutants 

Geneart 2 s gctagctgatatgg AD-4/5 mutants 

Geneart 3 as gtgctccagctagc AD-4/5 mutants 

Geneart 3 s gctagctggagcac AD-4/5 mutants 

Geneart 4 as tccgacatcacatc AD-4/5 mutants 

Geneart 4 s gatgtgatgtcgga AD-4/5 mutants 

Geneart 5 as aggtcagctatcgc AD-4/5 mutants 

MCMV gB Loop gccaaagtaggtcttc AD-4/5 mutant selection 

DomI-R agctggcggctctggc AD-4/5 mutant selection 

DomI-N tactttggcgagg AD-4/5 mutant selection 

DomI-Y atcagccccttcgc AD-4/5 mutant selection 

DomI-F tggggaagatggc AD-4/5 mutant selection 

pcDNA s taatacgactcacattaggg Sequencing pcDNA3-based plasmids 

pcDNA as tagaaggcacagtcgagg Sequencing pcDNA3-based plasmids 

CMV 5’ gcgcagactctcagaggatcgg Real-Time PCR 

CMV 3’ aagcggcctctgataaccaag Real-Time PCR 

albumine 5’ gtgaacaggcgaccatgct Real-Time PCR 

albumine 3’ gcatggaaggtgaatgtttcag Real-Time PCR 

Universal KAN rev caaccaattaaccaattctga PCR for virus mutants 

gB Mut Y280-short tttttcgccacttccacggg PCR for virus mutants 

gB Mut N293+D295-short tacaacggaaccaatc PCR for virus mutants 

gB Mut N284+N286-short acgggtaacgtggttg PCR for virus mutants 
DomI-Age5-neu gattaccggtgacgtggtgtacatttctcctttc AD-4/5 mutants from TB40/E virus 

DomI-Xho3-neu cccgctcgagaaaagccaccaacctgtgggtctca
ggcgcggcattcggtcttcc 

AD-4/5 mutants from TB40/E virus 
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Primers for homologous recombination are listed in Tab. 8.3 and nucleotide mutations in 

comparison to TB40/E are highlighted in blue italics. 

 
Tab. 8.3 Primers for homologous recombination. 

Primer Sequence Recombinant Virus 

gB Mut N293A-s gtcggagacgatagtgtagttcggaaaaatgaaaaacttgtcggcggcttctc

caaagtagctggcattcaaccaattaaccaattctgattag 

TB40/E gB N293 and 

Y280N293 

gB Mut N293A-as gtcggagacgatagtgtagttcggaaaaatgaaaaacttgtcggcggcttctc

caaagtagctggcattcaaccaattaaccaattctgattag 

TB40/E gB N293 and 

Y280N293 

gB Mut D295A-s tacaacggaaccaatcgcaatgccagctactttggagaaaacgccgccaagt

ttttcatttttccgaacaggatgacgacgataagtaggg 

TB40/E gB D295 and 

Y280D295 

gB Mut D295A-as gtcggagacgatagtgtagttcggaaaaatgaaaaacttggcggcgttttctc

caaagtagctggcattcaaccaattaaccaattctgattag 

TB40/E gB D295 and 

Y280D295 

gB Mut Y280A-s tttttcgccacttccacgggtaacgtggttgacatttctcctttcgccaacggaa

ccaatcgcaatgccaggatgacgacgataagtaggg 

TB40/E gB Y280  

 

gB Mut Y280A-as ttctccaaagtagctggcattgcgattggttccgttggcgaaaggagaaatgtc

aaccacgttcaaccaattaaccaattctgattag 

TB40/E gB Y280  

 

gB Mut N293A+D295A-s tacaacggaaccaatcgcaatgccagctactttggagaagccgccgccaagtt

tttcatttttccgaacaggatgacgacgataagtaggg 

TB40/E gB N293D295 

and Y280N293D295 

gB Mut N293A+D295A-as gtcggagacgatagtgtagttcggaaaaatgaaaaacttggcggcggcttct
ccaaagtagctggcattcaaccaattaaccaattctgattag 

TB40/E gB N293D295 

and Y280N293D295 

gB Mut N284A+N286A-s acgggtaacgtggttgacatttctcctttctacaacggaaccgcccgcgccgcc

agctactttggagaaaggatgacgacgataagtaggg 

TB40/E gB N284N286 

gB Mut N284A+N286A-as aatgaaaaacttgtcggcgttttctccaaagtagctggcggcgcgggcggttc

cgttgtagaaaggagacaaccaattaaccaattctgattag 

TB40/E gB N284N286 

gB Mut N284A-s acgggtaacgtggttgacatttctcctttctacaacggaaccgcccgcaatgcc

agctactttggagaaaggatgacgacgataagtaggg 

TB40/E gB N284 

gB Mut N284A-as gaaaaacttgtcggcgttttctccaaagtagctggcattgcgggcggttccgtt

gtagaaaggagacaaccaattaaccaattctgattag 

TB40/E gB N284 

gB Mut N286A-s acgggtaacgtggttgacatttctcctttctacaacggaaccaatcgcgccgcc

agctactttggagaaaggatgacgacgataagtaggg 

TB40/E gB N286 

gB Mut N286A-as gaaaaacttgtcggcgttttctccaaagtagctggcggcgcgattggttccgtt

gtagaaaggagacaaccaattaaccaattctgattag 

TB40/E gB N286 

gB Mut Y280A+N284A-s ttcgccacttccacgggtaacgtggttgacatttctcctttcgccaacggaaccg

cccgcaatgccagctactttggaaggatgacgacgataagtaggg 

TB40/E gB Y280 N284 

gB Mut Y280A+N284A-as gaaaaacttgtcggcgttttctccaaagtagctggcattgcgggcggttccgtt

ggcgaaaggagaaatgtcaaccaccaaccaattaaccaattctgattag 

TB40/E gB Y280 N284 

gB Mut Y280A+N286A-s ttcgccacttccacgggtaacgtggttgacatttctcctttcgccaacggaacca

atcgcgccgccagctactttggagaaaacaggatgacgacgataagtaggg 

TB40/E gB Y280 N286 

gB Mut Y280A+N286A-as gaaaaacttgtcggcgttttctccaaagtagctggcggcgcgattggttccgtt

ggcgaaaggagaaatgtcaaccaccaaccaattaaccaattctgattag 

TB40/E gB Y280 N286 

gB Mut F298A+F300A-s aatcgcaatgccagctactttggagaaaacgccgacaagtttgccattgcccc

gaactacactatcgtctccaggatgacgacgataagtaggg 

TB40/E gB F298F300 

gB Mut F298A+F300A-as attcggtcttccaaagtcggagacgatagtgtagttcggggcaatggcaaact

tgtcggcgttttccaaccaattaaccaattctgattag 

TB40/E gB F298F300 
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8.4.2 Plasmids 

Plasmid Description Source 

pcDNA3 Vector for heterologous expression of proteins 
under a CMV-promoter in eukaryotic cell culture, 
contains a multiple cloning site and a polyadeny-
lation signal 

Life Technologies GmbH, 
Darmstadt, Germany 

pcUL132-sigHA pcDNA3-derived plasmid that contains the ORF of 
the UL132 signal sequence followed by an HA-tag 

Kindly provided by Yvonne 
Ködel (396) 

pAcGP67-A Baculovirus transfer vector containing the 
polyhedrin/p10-promoter, the gp67 signal 
sequence and a multiple cloning site 

Becton, Dickinson and Co., 
Heidelberg, Germany 

pGEX-6-P1 Vector for heterologous expression of proteins 
under the tac promoter in prokaryotic cell culture, 
contains the GST coding sequence 

Pharmacia LKB Biotechnology 
AB, Uppsala, Sweden 

pGEX-DomI-

mutC246 

pGEX-6-P1-derived plasmid for prokaryotic IPTG-
inducible expression of GST-tagged AD-5 (HCMV gB 
aa 132-343) with residue C246 mutated to alanine 

Kindly provided by Nadja 
Spindler (291, 397) 

pc58 pcDNA3-derived plasmid for expression of gB of 
HCMV strain AD169 (ORF UL55) 

Generated by Michael Mach, 
1993 

pcDNApp71tag Expression plasmid coding for the ORF of the 
HCMV tegument protein pp71 (ORF UL82)  

Kindly provided by B. 
Plachter, University of Mainz, 
Mainz, Germany (398)   

pEPkan-S pcDNA3-based plasmid coding for the kanamycin 
resistance gene (aphAI), a FLAG-tag and adjoining 
I-SceI sites 

Kindly provided by  C. Sinzger, 
University of Ulm, Ulm, 
Germany (399) 

pcDNAgH pcDNA3-based expression plasmid containing the 
ORF of UL75 (gH) of HCMV 

Kindly provided by W. J. Britt, 
University of Alabama, 
Birmingham, USA 

pcUL115myc pcDNA3-based expression plasmid containing the 
ORF of UL115 (gL) of HCMV and a myc-tag 

Kindly provided by Nadja 
Spindler 

pcDNA-gM pcDNA3-based expression plasmid containing the 
ORF of UL100 (gM) of HCMV 

Kindly provided by 
T. Mettenleiter, Friedrich-
Loeffler-Institut, Greifswald, 
Germany 

pRcCMV-gN pRcCMV-based expression plasmid containing the 
ORF of UL73 (gN) of HCMV and a myc-tag 

Kindly provided by 
T. Mettenleiter, Friedrich-
Loeffler-Institut, Greifswald, 
Germany 

pAcGP67-AD-5-

FLmut-Thr-H6 

pAcGP67-A-based Baculovirus transfer vector 
coding for AD-5 with a C-terminal thrombin 
cleavage site and a 6×His-tag, AD-5 residues 
YIY155-157 and W240 are mutated to alanine 

This study 

hu IgG SM10 VH4 Expression plasmid for the SM10 IgG heavy chain (291) 

hu Ig SM10 Vκ2-24 Expression plasmid for the SM10 IgG light chain (291) 

hu IgG 2C2 VH6 Expression plasmid for the 2C2 IgG heavy chain (291) 

hu Ig 2C2 Vκ1-5 Expression plasmid for the 2C2 IgG light chain (291) 

hu IgG 1G2 VH4-39 Expression plasmid for the 1G2 IgG heavy chain (291) 

hu Ig 1G2 Vλ1 Expression plasmid for the 1G2 IgG light chain (291) 
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Plasmid Description Source 

pcUL132-sigHA-DomI pcUL132-sigHA-derived expression plasmid coding for 
AD-5 (HCMV strains AD169 gB aa 133-343) with an 
N-terminal HA-tag 

Kindly provided 
by N. Spindler 
(291, 397) 

pcDomI-HA+Myc pcUL132-sigHA-derived expression plasmid coding for 
AD-5 (HCMV strain AD169 gB aa 133-343, codon-
optimized sequence) with an N-terminal HA-tag and a 
C-terminal myc-tag, both connected to the protein by a 
5×GS-spacer 

This study 

pcDomI-A-HA+Myc Like pcDomI-HA+Myc but with I156A and Y157A This study 

pcDomI-B-HA+Myc Like pcDomI-HA+Myc but with W174A and H177A This study 

pcDomI-C-HA+Myc Like pcDomI-HA+Myc but with K181A and F182A This study 

pcDomI-D-HA+Myc Like pcDomI-HA+Myc but with N208A and K209A This study 

pcDomI-E-HA+Myc Like pcDomI-HA+Myc but with R203A and D204A This study 

pcDomI-F-HA+Myc Like pcDomI-HA+Myc but with Y206A and E207A This study 

pcDomI-G-HA+Myc Like pcDomI-HA+Myc but with Q212A and I214A This study 

pcDomI-H-HA+Myc Like pcDomI-HA+Myc but with D217A and Y218A This study 

pcDomI-I-HA+Myc Like pcDomI-HA+Myc but with N220A and T221A This study 

pcDomI-J-HA+Myc Like pcDomI-HA+Myc but with R236A and R243A This study 

pcDomI-K-HA+Myc Like pcDomI-HA+Myc but with W240A and L241A This study 

pcDomI-L-HA+Myc Like pcDomI-HA+Myc but with N293A and D295A This study 

pcDomI-M-HA+Myc Like pcDomI-HA+Myc but with F300A and N302A This study 

pcDomI-N-HA+Myc Like pcDomI-HA+Myc but with T304A and H319A This study 

pcDomI-O-HA+Myc Like pcDomI-HA+Myc but with F300A and H319A This study 

pcDomI-P-HA+Myc Like pcDomI-HA+Myc but with N302A and T304A This study 

pcDomI+II-FLmut pcUL132-sigHA-derived expression plasmid coding for 
AD-4 and AD-5 (HCMV strain AD169 gB aa 112-440, 
codon-optimized sequence) with AD-5 residues YIY155-157 
and W240 mutated to GRH and A, tags and spacer like 
pcDomI-HA+Myc 

This study 

pcDomI+II-N293A Like pcDomI+II-FLmut but with N293A This study 

pcDomI+II-D295A Like pcDomI+II-FLmut but with D295A This study 

pcDomI+II-N293A+F298A Like pcDomI+II-FLmut but with N293A and F298A This study 

pcDomI+II-D295A+F298A Like pcDomI+II-FLmut but with D295A and F298A This study 

pcDomI+II-Y280A Like pcDomI+II-FLmut but with Y280A* This study 

pcDomI+II- N293A+Y280A Like pcDomI+II-FLmut but with Y280A and N293A This study 

pcDomI+II- D295A+Y280A Like pcDomI+II-FLmut but with Y280A and D295A This study 

pcDomI+II-N284A+N286A Like pcDomI+II-FLmut but with N284A and N286A This study 

pcDomI+II-N284A Like pcDomI+II-FLmut but with N284A* This study 

pcDomI+II-N286A Like pcDomI+II-FLmut but with N286A* This study 

pcDomI+II-Y280A+N284A Like pcDomI+II-FLmut but with Y280A and N284A* This study 

pcDomI+II-Y280A+N286A Like pcDomI+II-FLmut but with Y280A and N286A* This study 

pcDomI+II-F298A+F300A Like pcDomI+II-FLmut but with F298A+F300A* This study 

pcDomI+II- N293A+D295A+ 

Y280A 

Like pcDomI+II-FLmut but with Y280A, N293A and D295A This study 

pcDomI+II-N293A+D295A+ 

F298A 

Like pcDomI+II-FLmut but with N293A, D295A and F298A This study 

pcDomI+II-MCMV gB loop 

318-330 

Like pcDomI+II-FLmut but with gB I305-E317 exchanged to 
MCMV gB M318-K330 

This study 

pcDomI+II-MCMV gB loop 

318-333 

Like pcDomI+II-FLmut but with gB I305-R320 exchanged to 
MCMV gB M318-P333 

This study 

*nucleotide sequence was obtained from the respective recombinant TB40/E virus mutant  
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8.5  Proteins and Peptides 

Proteins used for ELISA applications 

Name Description Source 

gB Recombinant gB protein of HCMV strain Towne with a 

deleted furin cleavage site and transmembrane domain, 

expressed in CHO cells 

Kindly provided by Sanofi 

Pasteur, Marcy L’Etoile, 

France (400, 401) 

AD-1 Prokaryotic, recombinant fusion protein comprised of 

AD-1 (HCMV strain AD169 gB aa 484-650) tagged with 

β-galactosidase (aa 1-375) 

Kindly provided by 

Barbara Kropff (280) 

AD-2 Synthetic peptide, pep90 (HCMV strain AD169 gB aa 

68-84), amino acid sequence: NETIYNTTLKYGDVVGV 

Kindly provided by 

Barbara Kropff  (285) 

AD-4 Prokaryotic, recombinant AD-4 protein comprising HCMV 

strain AD169 gB aa 112-132 and aa 344-428 connected by 

an IAGSG-linker 

Kindly provided by 

Nadja Spindler (293) 

AD-5 Recombinant, soluble AD-5 protein comprised of HCMV 

strain AD169 gB aa 133-343 with residues YIY155-157 and 

W240 mutated to alanine, additionally contains a C-terminal 

thrombin cleavage site (LVPRG/S) and a 6×histidine-tag 

This study 

AD-5-HA/Myc 

wt and mutant 

proteins  

Recombinant AD-5 protein comprised of HCMV strain 

AD169 gB aa 133-343 with an N-terminal HA-tag and a 

C-terminal myc-tag, both connected to AD-5 by a 5×GS-

spacer, expressed in HEK 293T cells, respective residues 

indicated in Fig. 5.22, p 44 were exchanged to alanine 

This study 

AD-4/5 wt and 

mutant proteins  

Recombinant AD-4/5 protein comprised of HCMV strain 

AD169 gB aa 112-440 (corresponds to AD-4 plus AD-5) with 

an N-terminal HA-tag and a C-terminal myc-tag, both 

connected to the protein by a 5×GS-spacer, residues 

YIY155-157 and W240 were mutated to alanine, expressed in 

HEK 293T cells, respective residues of mutant derivatives 

are indicated in Fig. 10.1, p 129 

This study 

GST Prokaryotic, recombinant glutathione S-transferase (GST) 

protein 

Kindly provided by 

Nadja Spindler (293) 

AD-5-C246A-GST Prokaryotic, recombinant AD-5-GST fusion protein with the 

cysteine at position 246 mutated to alanine 

This study and (291) 

 

8.6  Antibodies 

8.6.1 Primary Antibodies 

Primary antibodies used in this study 

Antibody Specificity and Description Species Source 

SM10 AD-5 of HCMV gB, IgG, monoclonal Human This study and (176, 291) 

2C2 AD-5 of HCMV gB, IgG, monoclonal Human This study and (176, 291) 

1G2 AD-5 of HCMV gB, IgG, monoclonal Human This study and (176, 291) 

SM5-1 AD-4 of HCMV gB, IgG, monoclonal Human Kindly provided by 4-Antibody AG, 
Jena, Germany (176) 

C23 AD-2 of HCMV gB, IgG, monoclonal Human Kindly provided by Teijin Pharma 
Limited, Tokio, Japan (286, 402) 
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Antibody Specificity and Description Species Source 

89-104 AD-1 of HCMV gB, IgG, monoclonal Human Kindly provided by Sandoz 
Pharmaceuticals GmbH, 
Holzkirchen, Germany 

89-109 gH of HCMV, MSL-109, IgG, monoclonal Human Kindly provided by Sandoz 
Pharmaceuticals GmbH, 
Holzkirchen, Germany 

ITC52 AD-1 of HCMV gB, IgG, monoclonal Human Kindly provided by M. Ohlin, Lund 
University, Sweden (281) 

polyAD-5 AD-5 of HCMV gB, polyclonal Human This study 

polyAD-4 AD-4 of HCMV gB, polyclonal Human This study 

HIG #C  Cytotect® CP Biotest, HCMV HIG, polyclonal Human Biotest, Dreieich, Germany 

HIG #8 HIS #8, HCMV HIG, polyclonal Human HUMAN Serum Production and 
Medicine Manufacturing Co. Ltd, 
Gödöllő, Hungary (Prof. Zsolt Nagy) 

9D11 AD-5 of HCMV gB, IgG, monoclonal Mouse This study 

7C2 AD-5 of HCMV gB, IgG, monoclonal Mouse This study 

1B12 AD-5 of HCMV gB, IgG, monoclonal Mouse This study 

8G6 AD-5 of HCMV gB, IgG, monoclonal Mouse This study 

2D9 AD-1 of HCMV gB, IgG Mouse This study 

4D11 AD-1 of HCMV gB, IgG Mouse This study 

27-287 AD-1 of HCMV gB, IgG, monoclonal Mouse Kindly provided by W. J. Britt, 
University of Alabama, 
Birmingham, USA (21, 278, 403) 

14-4B gH of HCMV, IgG, monoclonal Mouse Kindly provided by W. J. Britt, 
University of Alabama, 
Birmingham, USA (170, 404) 

SA4 gH of HCMV, AP86-SA4, IgG, monoclonal Mouse Kindly provided by W. J. Britt, 
University of Alabama, 
Birmingham, USA (296) 

14-16A gN of HCMV, complement-dependent, IgM, 
monoclonal 

Mouse Kindly provided by W. J. Britt, 
University of Alabama, 
Birmingham, USA (28, 325) 

IMP gM of HCMV, MP91-3/1, monoclonal 
 

Mouse Kindly provided by W. J. Britt, 
University of Alabama, 
Birmingham, USA (28) 

p63-27 IE1 of HCMV, IgG, monoclonal Mouse Kindly provided by W. J. Britt, 
University of Alabama, 
Birmingham, USA (394) 

anti-GST GST, monoclonal Mouse BIOZOL Diagnostika Vertrieb 
GmbH, Eching, Germany 

anti-HA Hemagglutinin (HA)-tag, IgG, clone HA-7 Mouse Sigma-Aldrich Chemie GmbH, 
Steinheim, Germany 

anti-myc c-myc, THE™ c-Myc Tag Antibody, mAb, 
Mouse, IgG2a, clone 2G8D5 

Mouse GenScript USA, Inc., Piscataway, 
USA 

anti-Fab Anti-human Fab Fragment, IgG, clone GG-6 Mouse Sigma-Aldrich Chemie GmbH, 
Steinheim, Germany 

Penta His 5×histidine-tag, IgG1, monoclonal Mouse Qiagen, Hilden, Germany 

 

Individual human sera for AD-5 immunoaffinity chromatography were obtained from 

healthy, HCMV-seropositive donors and written informed consent was given. 
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8.6.2 Secondary Antibodies 

Conjugated secondary antibodies were purchased from Dako (Hamburg, Germany), 

Jackson ImmunoResearch Laboratories, Inc. (West Grove, USA), or SouthernBiotech 

(Birmingham, USA) and were used in dilutions recommended by the manufacturer. 

8.7  Enzymes 

Enzyme Source 

AgeI New England Biolabs GmbH, Frankfurt am Main, Germany 

BamHI-HF® New England Biolabs GmbH, Frankfurt am Main, Germany 

Benzonase® Nuclease Merck KGaA, Darmstadt, Germany 

EcoRI-HF® New England Biolabs GmbH, Frankfurt am Main, Germany 

Expand™ High Fidelity
PLUS

 Enzyme Blend Roche Diagnostics GmbH, Mannheim, Germany 

DpnI New England Biolabs GmbH, Frankfurt am Main, Germany 

DreamTaq™ DNA Polymerase Fermentas GmbH, St. Leon-Rot, Germany 

HindIII-HF® New England Biolabs GmbH, Frankfurt am Main, Germany 

Lysozyme Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

NotI-HF® New England Biolabs GmbH, Frankfurt am Main, Germany 

Pfu Turbo® DNA Polymerase Stratagene Corporation, La Jolla, USA 

PNGase F New England Biolabs GmbH, Frankfurt am Main, Germany 

Proteinase K Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Shrimp Alkaline Phosphatase (SAP) Affymetrix, Inc., Santa Clara, USA 

T4 DNA Ligase Life Technologies GmbH, Darmstadt, Germany 

XbaI New England Biolabs GmbH, Frankfurt am Main, Germany 

XhoI New England Biolabs GmbH, Frankfurt am Main, Germany 

8.8  Kits 

Kit Source 

BigDye® Terminator v3.1 Cycle Sequencing Kit Applied Biosystems, Inc., Foster City, USA 

BD BaculoGold™ Baculovirus Expression System Becton, Dickinson and Co., Heidelberg, Germany 

Expand™ High Fidelity
PLUS

 PCR System, dNTPack Roche Diagnostics GmbH, Mannheim, Germany 

EZ-Link® Sulfo-NHS Biotinylation Kit Thermo Fisher Scientific, Inc., Bonn, Germany 

DreamTaq™ DNA Polymerase Kit Fermentas GmbH, St. Leon-Rot, Germany 

NucleoBond® BAC 100 Kit Macherey-Nagel GmbH & Co. KG, Düren, Germany 

Pierce™ Fab Preparation Kit Thermo Fisher Scientific, Inc., Bonn, Germany 

Pierce Micro BCA™ Protein Assay Thermo Fisher Scientific, Inc., Bonn, Germany 

Pfu Turbo® DNA Polymerase Kit  Stratagene Co., La Jolla, USA 

PureLink™ Quick Plasmid Mini/Midi/Maxiprep Kit Life Technologies GmbH, Darmstadt, Germany 

QIAGEN Plasmid Mega Kit Qiagen GmbH, Hilden, Germany 

QIAquick® PCR Purification Kit Qiagen GmbH, Hilden, Germany 

QIAquick® Gel Extraction Kit Qiagen GmbH, Hilden, Germany 

SouthernBiotech SBA Clonotyping™ System/HRP SouthernBiotech, Birmingham, USA 
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10.  Appendix 

10.1 Appendix Figures 

10.1.1 Summary of AD-4/5 Mutant Proteins 

 

 
Fig. 10.1 Summary of AD-4/5 mutant proteins of the second set. 

(A) AD-5 is displayed as a ribbon diagram, mutated residues are highlighted as red spheres and the 
respective amino acid position in gB of HCMV strain AD169 is given. (B) The C-terminal sequence of AD-5 is 
given with mutated residues highlighted in red. The AD-5 sequence missing in the HCMV gB model is 
indicated in light blue. Exchanged loop sequences and numbering correspond to MCMV gB.  
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10.1.2 Neutralizing Activity of anti-AD-5 Antibodies towards Virus Mutants 

 
 
Fig. 10.2 Neutralizing activity of anti-AD-5 antibodies against viral mutants on epithelial cells. 

Neutralization of virus infectivity by the anti-AD-5 antibodies was assessed on ARPE-19. Recombinant viruses 
harboring mutations in AD-5 were incubated with the indicated AD-5-specific mabs or control antibodies 
SM5-1 (AD-4-specific) or C23 (AD-2-specific) for 1 h and ARPE-19 monolayers were infected with the virus-
antibody mixture. To increase infectivity, cells were spin-inoculated with the virus-antibody mixture for 
30 min at 1900×g. Medium was changed 4 h after infection and 48 h later, extent of infection was quantified 
as a measure of luciferase activity. Percent neutralization was calculated as a function of the control wells 
treated with no virus or no antibody. 
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10.1.3 Neutralizing Activity of Polyclonal anti-AD-5 Antibody Preparations 

 

 
Fig. 10.3 Neutralizing activity of polyclonal anti-AD-5 antibody preparations. 

Neutralization assays were performed using different TB40/E recombinant viruses carrying mutations in 
AD-5 that represent the YNND epitope and biologic activity of antibody specimens indicated above the graph 
was determined.  
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10.1.4 Alignment of HCMV gB Sequences 

 

Fig. 10.4 Alignment of HCMV gB sequences. 

The amino acid sequence of the C-terminal part of AD-5 from residues E260 to T343 of HCMV gB were 
retrieved from databases and aligned to TB40/E as reference (accession numbers are given on the left). The 
residues Y280, N284, N293 and D295 are highlighted in blue. One variant site defining the gB genotype is 
highlighted in grey and the black line indicates the flexible loop that was not depicted in the HCMV gB 
model. 

a
HCMV strain AD169. 
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10.2 List of Abbreviations 

 
3D Three dimensional HA Hemagglutinin 

aa Amino acids HCMV Human cytomegalovirus 

AcNPV Autographa californica nuclear 

polyhedrosis virus 

HHV Human herpes virus 

HIG Hyperimmune globulin 

AD Antigenic domain HIV Human Immunodeficiency Virus 

AIDS Acquired immune-deficiency 

syndrome 

HRP Horseradish peroxidase 

HSV Herpes simplex virus 

APS Ammonium persulfate HSPG Heparan sulfate proteoglycans 

ATCC American Type Culture Collection i.e. in exemplum 

ATP Adenosine triphosphate IC50 Fifty percent inhibitory  

ALVAC Canary Pox Virus  concentration 

BAC Bacterial Artificial Chromosome IE Immediate-early 

BCA  Bicinchoninic acid IF Immunofluorescence 

BES N,N-bis(2-hydroxyethyl)-2-amino-

ethanesulfonic acid 

Ig Immunoglobulin 

IL Interleukin 

BEVS Baculovirus Expression Vector  IPTG Isopropyl β-D-1-thiogalacto- 

Systems  pyranoside 

bio Biotin KD Dissociation constant 

BSA Bovine serum albumin KSHV Kaposi's sarcoma-associated  

C-terminus Carboxy-terminus  herpesvirus 

CCD Charge-coupled device LIA Luminescent immuno assay 

CDR Complementarity Determining Region MCMV Murine cytomegalovirus 

CV column volumes MEM Minimal Essential Medium 

Dapi 4',6-diamidino-2-phenylindole moi Multiplicity of infection 

DMEM Dulbecco’s Modified Eagle Medium MPR Membrane proximal region 

DMSO Dimethyl sulfoxide N-terminus Amino-terminus 

DNA Desoxyribonucleic acid OD Optical density 

dNTP Deoxyribonucleotide ORF Open reading frame 

DomI Domain I p Page 

e.g. exempli gratia PAA Polyacrylamide 

EBM Endothelial cell basal medium PAGE Polyacrylamide gel electrophoresis 

EBV Epstein-Barr virus PBSo Phosphate Buffered Saline 

ECL Enhanced Chemiluminescence PCR Polymerase chain reaction 

EDTA Ethylenediamine tetraacetic acid PDGF Platelet-derived growth factor 

EGFR Epidermal growth factor receptor PEG Polyethylene glycol 

EGTA Ethylene glycol tetraacetic acid RPMI Roswell Park Memorial Institute 

ELISA Enzyme-linked immunosorbent assay RSV Respiratory syncycial virus 

et al. et alii/alia RT Room temperature 

FCS Fetal calf serum SAP Shrimps Alkaline Phosphotase 

Fig. Figure SD Standard deviation 

gB/H/L/M/N/O Glycoprotein B/H/L/M/N/O SDS Sodium dodecyl sulfate 

gC Glycoprotein complex SEM Standard error of the mean 

GFP Green fluorescent protein Sf Spodoptera frugiperda 

GST Glutathione S-transferase SV 40 Simian virus 40 
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Tab. Table VRP Alphavirus replicon particle 

TBE Tris-Borate/EDTA VSV Vesicular stomatitis virus 

TEMED N,N,N′ ,N′ -Tetramethylethane-1,2- VZV Varicella-zoster virus 

 diamine YFP Yellow fluorescent protein 

TM Transmembrane domain wt Wild type 

TMB Tetramethylbenzidine   

Tris 2-Amino-2-hydroxymethyl-   

 propane-1,3-diol   

 

Units       Prefixes 
°C Degree Celsius k kilo (10

3
) 

Å Ångström c centi (10
-2

) 

A Ampere m milli (10
-3

) 

bp Base pairs µ micro (10
-6

) 

Da Dalton n nano (10
-9

) 

Fa Farad p pico (10
-12

) 

g Gram or gravitational constant   

h Hour Greek Letters 

IU Infectious Unit α alpha 

m Meter β beta 

M Molar (mol/l) γ gamma 

min Minutes Δ delta 

mol Moles κ kappa 

pfu Plaque forming unit λ lambda 

pH pondus Hydrogenii Ω omega 

RLU Relative light units µ mü 

rpm Rounds per minute   

s Seconds Nucleobases 

V Volt A Adenine 

U Unit C Cytosine 

Ω Ohm G Guanine 

  T Thymine 

    

 

10.3 List of Tables 

Tab. 5.1 Donors, isotypes and KDs of AD-5-specific human monoclonal antibodies. ............................................ 29 

Tab. 5.2 IC50s of human monoclonal antibodies given in µg/ml. .......................................................................... 33 

Tab. 7.1 PCR sample preparation and PCR setup .................................................................................................. 74 

Tab. 7.2 Sample preparation and PCR setup for the generation of a recombination cassette ............................. 77 

Tab. 7.3 Transfection using calcium-phosphate precipitation .............................................................................. 80 

Tab. 7.4 Transfection for recombinant virus reconstitution ................................................................................. 81 

Tab. 7.5 Antigens and protein amounts used for antigen ELISAs .......................................................................... 91 

Tab. 8.1 Viruses and virus mutants. ...................................................................................................................... 98 

Tab. 8.2 Primers for molecular cloning and sequencing. ...................................................................................... 99 

Tab. 8.3 Primers for homologous recombination. .............................................................................................. 100 

 

  



Appendix 135 

 

10.4 List of Figures 

Fig. 3.1 Structure of a HCMV virion. ........................................................................................................................ 4 

Fig. 3.2 Glycoprotein B of HCMV and known antibody target sites. ..................................................................... 10 

Fig. 5.1 Antibody recognition of prokaryotically expressed AD-5-C246A-GST in ELISA. ....................................... 15 

Fig. 5.2 Expression, purification and antibody recognition of soluble AD-5. ........................................................ 17 

Fig. 5.3 Recognition of antigenic domains of gB by human HCMV-convalescent sera. ........................................ 18 

Fig. 5.4 Correlation of the 50% neutralization titer and the antigen-specific antibody titer of human sera. ....... 19 

Fig. 5.5 Specificity of the polyAD-5 preparation. ................................................................................................... 21 

Fig. 5.6 Neutralization capacity of affinity-purified polyclonal AD-5-specific antibodies...................................... 23 

Fig. 5.7 Analysis of the gB and AD-5-specific immune response after immunization. .......................................... 25 

Fig. 5.8 Neutralizing activity of immune sera. ....................................................................................................... 26 

Fig. 5.9 Recognition of AD-5 by hybridoma supernatants. .................................................................................... 27 

Fig. 5.10 Neutralizing activity of gB-specific hybridoma supernatants and murine mabs. ................................... 28 

Fig. 5.11 Elution profile of human mab 1G2.......................................................................................................... 30 

Fig. 5.12 Indirect immunofluorescence of HCMV-infected fibroblasts. ................................................................ 31 

Fig. 5.13 Neutralizing activity of AD-5-specific antibodies on different target cell types. .................................... 32 

Fig. 5.14 Neutralization assays with viruses originating from different cell types. ............................................... 34 

Fig. 5.15 Inhibition of cell-to-cell spread by neutralizing antibodies. ................................................................... 35 

Fig. 5.17 Elution profile of 1G2 Fab fragment size exclusion chromatography. .................................................... 37 

Fig. 5.16 Papain digestion of 1G2 antibody. .......................................................................................................... 37 

Fig. 5.18 Neutralization capacity of antibody Fab fragments. ............................................................................... 38 

Fig. 5.19 Neutralizing activity of HCMV-specific antibodies in the absence and presence of complement. ........ 39 

Fig. 5.20 Mechanistic aspects of virus neutralization by gB-specific antibodies. .................................................. 41 

Fig. 5.21 Competition analysis of anti-AD-5 antibodies for gB binding. ................................................................ 43 

Fig. 5.22 Structural models of the AD-5 mutant proteins. .................................................................................... 44 

Fig. 5.23 Binding analysis of anti-AD-5 antibodies to AD-5 and its mutant derivatives. ....................................... 45 

Fig. 5.24 Summary of the second set of AD-4/5 mutant proteins. ........................................................................ 46 

Fig. 5.25 Replication kinetics of AD-5-mutated recombinant viruses. .................................................................. 48 

Fig. 5.26 IC50s of anti-AD-5 antibodies for AD-5-mutated recombinant viruses. .................................................. 49 

Fig. 5.27 Neutralization capacity of anti-AD-5 antibodies against viral mutants. ................................................. 51 

Fig. 5.28 IC50s of anti-AD-5 antibodies towards virus mutants determined on epithelial cells. ............................ 52 

Fig. 5.29 Glycosylation of AD-5. ............................................................................................................................. 52 

Fig. 5.30 Reactivity of sera with gB or AD-5 and competition for gB binding with mab 1G2. ............................... 54 

Fig. 5.31 Antigen ELISA of polyAD-5 purifications from individual sera. ............................................................... 55 

Fig. 5.32 Recognition of selected AD-4/5 mutants by polyclonal anti-AD-5 antibody preparations..................... 56 

Fig. 5.33. Neutralization of TB40/E wt and virus mutants by polyAD-5 antibody preparations. .......................... 57 

Fig. 6.1 Hypothetical model of glycosylated gB of HCMV. .................................................................................... 61 

Fig. 6.2 V-gene usage and CDR sequences of monoclonal anti-AD-5 antibodies. ................................................. 63 

Fig. 6.3 The YNND epitope..................................................................................................................................... 64 

Fig. 6.4 AD-5 residues that influence the neutralizing activity of anti-AD-5 mabs. ............................................... 66 

Fig. 6.5 Epitopes of murine neutralizing mabs in HSV-1 gB in comparison to HCMV gB. ..................................... 68 

Fig. 6.6 Glycosylation sites in AD-5. ....................................................................................................................... 69 

Fig. 6.7 Hypothetical model of prefusion gB. ........................................................................................................ 71 

Fig. 10.1 Summary of AD-4/5 mutant proteins of the second set....................................................................... 129 

Fig. 10.2 Neutralizing activity of anti-AD-5 antibodies against viral mutants on epithelial cells. ....................... 130 

Fig. 10.3 Neutralizing activity of polyclonal anti-AD-5 antibody preparations.................................................... 131 

Fig. 10.4 Alignment of HCMV gB sequences. ...................................................................................................... 132 

  

file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486770
file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486771
file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486772
file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486774
file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486777
file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486780
file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486781
file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486786
file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486797
file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486798
file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486800
file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486803
file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486805
file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486806
file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486808
file:///H:/Disserstation/Dissertation%20-%20Anna%20Wiegers%20final.docx%23_Toc402486809


136 Curriculum Vitae 

 

Curriculum Vitae 
 

PERSONAL DETAILS  

Name 
Date and place of birth 

Anna-Katharina Wiegers 
August 25, 1985 in Steinheim, Germany 

Nationality German 
  

EDUCATION  

Since 10/2010 Doctoral studies 
Graduate student in the research training program GRK 1071 
Institute for Clinical and Molecular Virology 
Erlangen, Germany 
Laboratory of Prof. Dr. Michael Mach 
PhD Project: Neutralizing Antibodies to Antigenic Domain 5 of 
Glycoprotein B of Human Cytomegalovirus 
 

10/2005 – 07/2010 Diploma (MSc) in Molecular Medicine 
Friedrich-Alexander-University of Erlangen-Nuremberg 
Erlangen, Germany 
 

01 – 07/2010 Diploma thesis 
Institute for Clinical and Molecular Virology 
Erlangen, Germany 
Research project: Recombinant Expression of Human Immuno-
globulin Molecules directed against Glycoprotein B of Human 
Cytomegalovirus 
 

06/2005 Abitur (Higher education entrance qualification) 
Gymnasium St. Xaver, Bad Driburg, Germany 
 

08 – 12/2003 Successful participation in the „International Baccalaureate“ 
Exeter College, Exeter, UK 
 

OWN PUBLICATIONS  

Research Articles Wiegers AK, Sticht H, Winkler TH, Britt W and Mach M. (2014) 
Identification of a neutralizing epitope within antigenic domain 5 of 
glycoprotein B of human cytomegalovirus. J Virol. pii: JVI.02393-14. 
 
Spindler N, Diestel U, Stump JD, Wiegers AK, Winkler TH et al. (2014) 
Structural basis for the recognition of human cytomegalovirus 
glycoprotein B by a neutralizing human antibody. PLoS Pathog. 
10(10):e1004377 
 
Pötzsch S, Spindler N, Wiegers AK, Fisch T, Rücker P et al. (2011) B Cell 
Repertoire Analysis Identifies New Antigenic Domains on Glycoprotein B 
of Human Cytomegalovirus which Are Target of Neutralizing 
Antibodies. PLoS Pathog. 7(8):e1002172 

http://www.ncbi.nlm.nih.gov/pubmed/25320309
http://www.ncbi.nlm.nih.gov/pubmed/25320309
http://www.ncbi.nlm.nih.gov/pubmed/25320309
http://www.ncbi.nlm.nih.gov/pubmed/25299639
http://www.ncbi.nlm.nih.gov/pubmed/25299639
http://www.ncbi.nlm.nih.gov/pubmed/25299639
http://www.ncbi.nlm.nih.gov/pubmed/25299639
http://www.ncbi.nlm.nih.gov/pubmed/21852946
http://www.ncbi.nlm.nih.gov/pubmed/21852946
http://www.ncbi.nlm.nih.gov/pubmed/21852946
http://www.ncbi.nlm.nih.gov/pubmed/21852946


Curriculum Vitae 137 

 

Book Chapter Mach M, Wiegers AK, Spindler N and Winkler T (2013) Protective 
Humoral Immunity. Chapter II.10 in Cytomegaloviruses: From 
Molecular Pathogenesis to Intervention. Caister Academic Press,ISBN: 
978-1-908230-18-8 
 

Patent (pending) Binding members for human cytomegalovirus (2011) 
PCT/EP2010/070568, co-owner of patent rights 
 

CONFERENCE CONTRIBUTIONS 

Presentations 39th International Herpesvirus Workshop 
July 19-23, 2013, Kobe, Japan 
 
24th Annual Meeting of the Society for Virology 
March 26-29, 2014, Alpbach, Austria 
 
38th International Herpesvirus Workshop 
Treatment & Intervention Satellite Workshop 
July 20-24, 2013, Grand Rapids, USA 
 
23rd Annual Meeting of the Society for Virology 
March 06-09, 2013, Kiel, Germany 
 
37th International Herpesvirus Workshop 
Treatment & Intervention Satellite Workshop 
Aug 4-9, 2012, Calgary, Canada 
 
36th International Herpesvirus Workshop 
Betaherpesvirus Satellite Workshop 
July 24-28, 2011, Gdansk, Poland 
 

Poster 4th International GK-Symposium - Regulators of Adaptive Immunity 
Sept 26-29, 2013 Erlangen, Germany 

  
International Symposium “Forty Years of Virology at the University 
of Erlangen-Nuremberg” 
June 14-16, 2012, Erlangen, Germany 
 
13th International CMV / Betaherpesvirus Workshop 
May 14-17, 2011 Nuremberg, Germany 
 

 

 

 

http://www.horizonpress.com/cmv2
http://www.horizonpress.com/cmv2
http://www.horizonpress.com/cmv2
http://www.horizonpress.com/cmv2
http://patentscope.wipo.int/search/en/detail.jsf?docId=WO2011076883&recNum=148&docAn=EP2010070568&queryString=%28EN_ALLTXT:%28HuCAL%20%20OR%20HuCAI%20OR%20MorphoSys%20OR%20pmorph%20OR%20sloning%20OR%20slonomics%20OR%20aryla%20OR%20rapmat%20OR%20rapclone
http://patentscope.wipo.int/search/en/detail.jsf?docId=WO2011076883&recNum=148&docAn=EP2010070568&queryString=%28EN_ALLTXT:%28HuCAL%20%20OR%20HuCAI%20OR%20MorphoSys%20OR%20pmorph%20OR%20sloning%20OR%20slonomics%20OR%20aryla%20OR%20rapmat%20OR%20rapclone



