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1. Abstract

Epstein-Barr virus (EBV) infects more than 90% of the human population worldwide.
The virus is directly responsible for acute infectious mononucleosis (IM), and is related
to several malignancies like Hodgkin lymphoma (HL), Burkitt lymphoma (BL),
nasopharyngeal carcinoma (NPC) and posttransplant lymphoproliferative diseases
(PTLD). EBV is also associated with various autoimmune diseases like Multiple Sclerosis

(MS).

The present work aimed at investigating the biology of EBV in long-term infected
healthy carriers, thereby focusing on the expression of the lytic envelope glycoprotein
gp350. The protein is well known for its crucial role for the viral infection of human B
cells and is therefore considered an attractive target for therapeutic approaches, and
also a vaccine candidate. The first part of this thesis was dedicated to investigating the
presence of gp350 and its potential role in vivo. Since gp350-specificic antibodies can be
detected life-long in EBV seropositive individuals, there might be a constant trigger of
the immune system by gp350. This hypothesis was corroborated by my observation that
certain latently EBV infected cell lines express significant amounts of gp350 on the cell
surface and/or release it via extracellular vesicles (EVs). Moreover, [ could show for the
first time that the gp350 protein is present on a subset of B cells from healthy EBV-
seropositive donors, and that the protein is also present in sera. Intriguingly, I could
observe a direct correlation between antibody and protein titers. Moreover, I could
show that gp350 carrying vesicles isolated from donors reactivate autologous gp350-
specific CD4+ T cells, implicating a potential immunological function, e.g., in maintaining
viral latency and stable co-existence with the host. This is the first time that gp350 was
detected in the blood of healthy donors. Additional studies are needed to elucidate its

origin, exact status and biological function.

Therapeutic monoclonal antibodies are a success story in modern medicine. Of
particular potential are fully human IgG antibodies which combine the unprecedented
specificities of antibodies with a very low immunogenicity. However, fully human
antibodies targeting gp350 are not existent. In the second part of this thesis, we

therefore developed a new technique to generate fully human IgG antibodies in
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humanized mice in collaboration with Prof. R. Stripecke (Med. Hochschule Hannover).
These humanized mice were immunized with Epstein-Barr-virus like particles (EB-
VLPs), and splenocytes were then immortalized with EBV in vitro. The supernatants of
the EBV immortalized B cells were tested for human gp350-specific antibodies with
neutralizing potential. The most promising antibody from the biological and
neutralization assays was cloned. The immunoglobulin sequence was obtained, and
classified the antibody as human IgG3, an Ig class strongly related with infectious
diseases. The collaboration with the Stripecke lab resulted in the first fully human IgG

antibodies generated in humanized mice.

In summary, the present study showed for the first time that gp350 is present in sera
from EBV-positive healthy carriers without previous viral reactivation. Moreover, this
protein is able to reactivate specific cellular immune responses. Finally, a fully human
IgG3 gp350-specific antibody was produced, that may be developed into a therapeutic

tool for the treatment of EBV-associated diseases.

1.1. Zusammenfassung

Das Epstein-Barr-Virus (EBV) infiziert mehr als 90% der Weltbevolkerung. Das Virus ist
Ausloser der akuten Infektiosen Mononukleose (IM) und ist dariiber hinaus mit
mehreren malignen Erkrankungen wie Hodgkin-Lymphom (HL), Burkitt-Lymphom (BL),
Nasopharynxkarzinom (NPC) und der Posttransplantations-lymphoproliferativen
Erkrankung (PTLD) assoziiert. EBV steht auflerdem im Verdacht verschiedene

Autoimmunerkrankungen wie Multiple Sklerose (MS) zu begiinstigen.

Die vorliegende Arbeit zielte darauf ab, die Biologie von EBV bei langzeitinfizierten,
gesunden Tragern zu untersuchen. Im Fokus stand dabei das lytische Glykoprotein
gp350, ein Hauptbestandteil der Virushiille, das eine entscheidende Rolle bei der
Infektion menschlicher B-Zellen spielt und daher als attraktives Ziel fiir therapeutische
Ansatze und auch als Impfstoffkandidat gilt. Im ersten Teil dieser Arbeit wurde das
Vorhandensein von gp350 und seine potenzielle Rolle in vivo untersucht. Bei EBV-
seropositiven Personen konnen lebenslang gp350-spezifische Antikorper nachgewiesen

werden, was durch eine standige Aktivierung des Immunsystems durch gp350 bedingt
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sein konnte. Diese Hypothese wurde durch meine Beobachtung unterstiitzt, da einige
latent EBV-infizierte Zelllinien signifikante Mengen von gp350 auf ihrer Oberflache
exprimieren und/oder iiber extrazellulire Vesikel freisetzen. Aufierdem konnte ich
erstmals zeigen, dass das gp350 Protein auf peripheren B-Zellen von gesunden EBV-
seropositiven Spendern vorhanden ist und dass das Protein selbst in Serumproben
nachgewiesen werden kann. Interessanterweise konnte eine direkte Korrelation
zwischen Antikorper- und Proteintitern beobachtet werden. Dartliber hinaus wurde
gezeigt, dass gp350 tragende Vesikel gp350-spezifische CD4+ T-Zellen reaktivieren
konnen, was eine mogliche immunologische Funktion impliziert. So ware es moglich,
dass solche Vesikel zur Aufrechterhaltung der viralen Latenz und der stabilen
Koexistenz mit dem Wirt beitragen. Dies ist das erste Mal, dass das gp350 Protein im
Blut gesunder Spender nachgewiesen wurde. Weitere Studien sind nun erforderlich, um

die Herkunft, den exakten Status und die biologische Funktion aufzuklaren.

Therapeutische monoklonale Antikorper sind eine Erfolgsgeschichte in der modernen
Medizin. Von besonderem Potenzial sind vollstindig humane IgG-Antikorper, die die
beispiellose Spezifitit von Antikdrpern mit einer sehr geringen Immunogenitat
kombinieren. Es gibt jedoch bislang keine vollstindig humanen, gp350-spezifische
monoklonale Antikérper. Im zweiten Teil dieser Arbeit haben wir deshalb in
Zusammenarbeit mit Prof. R. Stripecke (Med. Hochschule Hannover) ein Protokoll
entwickelt, um humane monoklonale Antikérper in humanisierten Mausen herzustellen.
Diese Mause wurden mit EBV-dhnlichen Partikeln (engl. virus-like particles, VLPs)
immunisiert, Splenozyten wurden isoliert und in vitro mit EBV immortalisiert. Die
Uberstinde dieser immortalisierten B-Zellen wurden auf humane gp350-spezifische
Antikorper mit neutralisierendem Potenzial getestet und der vielversprechendste
Antikérper aus den Erkennungs- und Neutralisationstests wurde kloniert. Die
Immunglobulinsequenz wurde identifiziert und der Antikérper konnte als humanes
IgG3 klassifiziert  werden, eine Immunglobulinklasse, die stark  mit
Infektionskrankheiten assoziiert ist. Diese Zusammenarbeit fiihrte zu den ersten

vollstandig humanen IgG-Antikérpern, die je in humanisierten Mausen erzeugt wurden.

Zusammenfassend zeigte die vorliegende Studie erstmals das Vorhandensein von gp350
in Seren von EBV-positiven, gesunden Tragern ohne erkennbare vorherige virale

Reaktivierung. Dariiber hinaus ist dieses Protein in der Lage, spezifische zellulare
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Immunantworten zu reaktivieren. Schliefdlich wurde ein vollstandig humaner gp350-

spezifischer 1gG3 Antikérper hergestellt, der eventuell zur Therapie EBV-assoziierter

Erkrankungen eingesetzt werden kann.
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2. Introduction

2.1. Epstein-Barr virus (EBV)

In 1964, M.A. Epstein, Y. Barr and B.G. Achong identified “small viral particles” in
cultured Burkitt lymphoma cells that they analysed with electron microscopy. “Their
structure and morphology link it with the herpesvirus family”, they described their
discovery, but unlike the other herpesviruses known until that day, these particles were

inert, meaning that they did not destroy the infected cells (Epstein et al. 1964).

Today, these particles are known as Epstein-Barr virus (EBV), also called human
herpesvirus 4 (HHV-4). EBV is a gamma-herpesvirus with a double-stranded DNA
genome of 172 kb in size. This genome exists in two different forms, it is either linear
when it is contained in viral particles, or circular, known as episome, when it is

contained and propagated in the nucleus of infected cells (Kiippers 2003).

EBV persists life-long asymptomatically in healthy individuals thanks to its ability to
remain latently in circulating memory B cells thereby hiding from the host's immune
system. This strategy, which is characteristic for all herpesviruses, normally results in an

asymptomatic co-existence (Thorley-Lawson 2005).

In vitro, EBV is able to effectively transform human B cells into lymphoblastoid
proliferative cell lines (LCLs) and is therefore often used as a model system to
investigate various aspects of cancer development, among others (Diehl et al. 1968)
(Pope et al. 1968). The two known different types of EBV (type 1 and 2) mainly differ in
the sequences of two latent genes, namely the Epstein-Barr nuclear antigen (EBNA)-2
and EBNA-3. EBV type 1 is more prominent in the world than EBV type 2, and has a
higher capacity to transform B cells into LCLs (Rickinson et al. 1987).

In fact, EBV was the first virus to be recognized as a human oncovirus. Today, it is
known that EBV is associated with more than 200,000 new cases of cancer worldwide
every year (Cohen et al. 2011). EBV is well extended in the human population all over
the world, and it is particularly associated with Burkitt lymphoma (BL), nasopharyngeal
carcinoma (NPC) and Hodgkin lymphoma (HL). The virus is also related with other

malignancies like gastric cancer (GC) and some types of T and NK cell lymphomas. In
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immunocompromised patients, like people with acquired immune deficiency syndrome
(AIDS) or transplant patients, EBV can cause lymphomas and post-transplantation
lymphoproliferative diseases (PTLD). Collectively, these facts make EBV a relevant

pathogen.

2.1.1. EBV's life cycle: Lytic and Latent phase

Primary infection with EBV normally occurs during childhood and is asymptomatic, but
when it is delayed into adolescence or adulthood it regularly causes infectious
mononucleosis (IM, see chapter 2.1.2 for more details). During IM, a strong CD8* T cell
activation and proliferation takes place (Hislop et al. 2002), which, together with the
concomitant cytokines released, is responsible for symptoms like a strong swelling of
the tonsils and lymph nodes, fever and fatigue. Nevertheless, IM is a normally self-
limiting disease that does not cause severe long-lasting health damage (Rickinson et al.
2014). EBV has a very strong tropism for human B lymphocytes. It enters the body
through the saliva, and penetrates the epithelium surrounding the adenoids and tonsils,
where it infects underlying naive B cells and starts the viral life cycle (Figure 2.1). The
infection of B cells occurs through the binding of the major viral envelope glycoprotein
gp350/220 to cellular CD21, also known as complement receptor 2 (CR2). Thereafter, a
second viral envelope glycoprotein, gp42, binds to a human leukocyte antigen (HLA)
class Il molecule, and together with viral gHgL and gB, forms a complex that allows the
fusion of the virus envelope with the plasma membrane (Chesnokova et al. 2015). EBV
type 2 sporadically also infects T cells and is associated with T cell lymphomas (Coleman
et al. 2018). Moreover, EBV can penetrate into normal epithelial cells, but it is still not
clear if it is able to establish latency there, although it does so in epithelial malignancies

like NPC (Hutt-Fletcher 2017).

Nevertheless, a few years ago, experiments in CD21 negative pre-B cells transduced with
CD21, CD35, or both, probed that gp350/220 can also interact with cellular CD35, also
known as complement receptor 1 (CR1) (Ogembo et al. 2013). In addition, in the
interaction of EBV with epithelial cells, gp350 is less critical as can be seen from the fact

that EBV can infect cells with low or completely absent CD21 expression. Here, the
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envelope glycoproteins gHgL. seems to be more important due to their ability to bind to

oV integrins that can trigger virus entry (Chesnokova and Hutt-Fletcher 2011).

During primary infection of B cells, initially a pre-latent phase takes place, characterized
by the expression of latent and a limited set of lytic genes (Figure 2.1). Thereafter, the
establishment of latency starts with the so-called latency III program, which is typical
for in vitro growth-transformed lymphoblastoid B cell lines (LCLs) and EBV associated
lymphoproliferative diseases in immunocompromised hosts. Latency Il is characterized
by the expression of nine viral proteins, namely the EBV nuclear antigens (EBNAs 1, 2,
3A, 3B, 3C and -LP), and the latent membrane proteins LMP1, LMP2A and LMP2B. Also
expressed at high levels are two types of non-translated RNAs, the EBERs and BARTs
(BamH1-A rightwards transcripts) (Cai et al. 2006) (Qiu et al. 2011). All these proteins
and non-translated RNAs are driving the naive B cells to enter the follicles where they
differentiate into mature B cells. Once the B cells are in the follicles, EBV initiates a
latency II program, as it is also present in malignancies like HL and NPC, with the
expression of only 3 viral proteins, EBNA1, LMP1 and LMP2, that regulate the
differentiation into memory B cells. Finally, the virus shuts down LMP-1 and -2 protein
expression completely, driving mature B cells to class-switch recombination (CSR) and
somatic hypermutation (SHM), to become resting memory B cells, where the virus
persists life-long undetectable in healthy carriers, in its latency 0 program (Kiippers
2003) (Thorley-Lawson et al. 2008). In latently infected, dividing memory B cells,
EBNA1 is expressed, which is essential for EBV genome replication and proper
segregation. This so called latency I program is characteristic for Burkitt lymphoma cells
(Kang and Kieff 2015). An overview of the different latency programs and where they

can be found is given in Figure 2.1.
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Figure 2.1. The EBYV life cycle. (Adapted from Bollard, Rooney and Heslop, 2012) EBV enters the host
through the saliva and penetrates the oropharyngeal mucosa, where it infects underlying naive B
cells. Immediately following infection, EBV starts a transient pre-latent phase, where viral latent and
a subset of lytic genes are expressed. Later, the virus starts its latency programs from III to I, before it
finally shuts down almost completely into latency 0 to persist in circulating memory B cells and to

evade the immune system.

Cells latently infected with EBV can, in some cases, reactivate and start the viral lytic
phase. For this transition, the expression of the two immediate early viral transcription
factors BZLF1 (also called ZEBRA, Zta, EB1 or Z) and BRLF1 (also known as Rta or R) is
essential (Kalla and Hammerschmidt 2012). Afterwards, the early lytic genes like BMRF1
or BALF5 are expressed, followed by the late lytic genes, which mainly encode structural
proteins of the viral capsid and envelope, like VCA-p18 and gp350/220. In healthy
individuals, this reactivation takes place when infected circulating memory B cells re-
enter lymphoid organs like the adenoids and tonsils, where they also start generating
infectious viral particles that eventually will infect naive B cells in the vicinity. It
however remains unknown what exactly triggers this reactivation and if it has a pre-

determined periodicity (Laichalk and Thorley-Lawson 2005) (Thorley-Lawson 2015).
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2.1.2. EBV associated diseases and malignancies

EBV is well known for causing infectious mononucleosis (IM), a benign disease that
regularly occurs when EBV infects adolescents or adults. Around 75 % of the IM patients
have typical symptoms, like fever, fatigue, sore throat and acute hyperproliferation of
CD8* T lymphocytes. Transmission of the virus normally occurs during kissing (that's
why IM is also termed “kissing disease”), but in some cases can occur via solid organ or
stem cell transplantation or even by blood transfusion. The incubation period until
symptoms emerge is around 6 weeks. IM is normally a mild, self-limiting illness,
although in some cases can disable the patient for a long period of time of up to several

months (Balfour et al. 2013) (Dunmire et al. 2015).

EBV is also directly related with several malignancies, summing up to more than
200,000 new cases every year (Table 2.1). Annually, tens of thousands of cases of gastric
cancer (GC) and nasopharyngeal carcinoma (NPC) are related with EBV (Young et al.
2016), and the virus is also associated with a high proportion of Hodgkin lymphomas
(HL) and Burkitt lymphomas (BL), as well as with post-transplant lymphoproliferative
diseases (PTLD) in solid organ and stem cell transplant patients. Moreover, EBV is also
linked to a number of autoimmune diseases like systemic lupus erythematosus (SLE)
and multiple sclerosis (MS), as well as with lymphoproliferative diseases in
immunocompromised individuals, like AIDS patients. All these clinical data support the

need for the development of a EBV vaccine (Cohen 2018).

Table 2.1. Estimated new cases of EBV-related malignancies all over the world yearly. (Cohen
etal. 2011)

Cancer Nr. of cases Nr. of cases attributable to EBV

Burkitt lymphoma (BL)

Developed countries 400 100

Less-developed countries 7800 6600
Gastric carcinoma (GC) 933,900 84,050
Hodgkin lymphoma (HL) 62,400 28,600
Nasopharyngeal carcinoma (NPC) 80,000 78,100

Total 197,450
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2.1.3. EBV-specificimmune responses upon infection

The immune system reacts to an EBV viral infection with humoral and a set of innate

and adaptive cellular immune responses (Figure 2.2).
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Figure 2.2. Schematic picture of innate and adaptive immune responses against EBV. (Adapted
from Chijioke et al, 2013 and van Zyl et al. 2019). Infected B cells and plasmacytoid dendritic cells
(pDCs) recognize viral unmethylated CpG dsDNA via TLRO. This leads to an activation of the NFkB
signalling pathway, resulting in the secretion of IFNa/f that will block EBV infection. Viral dsRNAs,
like EBERSs, are recognized via TLR3 by conventional DCs (cDCs) and monocytes. In peripheral blood,
CD56dim NK cells respond to infected cells by secreting cytotoxic granules. In tonsils and other lymph
nodes, CD56Mhigh NK cells, upon IL-12 activation, secrete IFNy that will block EBV infection and B cell
transformation. CD8+ T cells recognize viral antigen on MHC class I molecules, mainly epitopes from
lytic genes, and release cytotoxic granules and other cytokines to kill infected cells. Humoral

responses consist of the production of neutralizing antibodies to avoid viral spread.

The first innate immune response is mediated by the Toll-like receptors (TLRs) in B cells,

dendritic cells (DCs) and monocytes / macrophages. The TLR9, present in plasmacytoid



INTRODUCTION 11

DCs (pDCs) and B cells, recognizes the unmethylated EBV genome as it is contained in
virions, resulting in NFKB activation followed by the transcription of proinflammatory
cytokines that will activate additional immune cells (Linemann 2015). Upon EBV
infection, the TLR9 in B cells is down-regulated by viral proteins like LMP1 during the
latent phase, and by BGLF5 during the lytic phase (Chijioke et al. 2013). During latency,
the non-translated EBERs expressed in infected B cells can be released in extracellular
vesicles (EVs), and these can be detected by the TLR3 present in conventional DCs
(cDCs) and monocytes, which start expressing IL-12 that, in turn, efficiently activates
natural killer (NK) cells (Iwakiri et al. 2009). Thus, also NK cells play an important role
in controlling EBV infections. In tonsils, mature CD16-/CD56bright NK cells play a role in
the control of EBV replication via IFNy secretion, thereby blocking B cell transformation.
And in the peripheral blood, CD16*/CD564m NK cells regulate viral dissemination via
antibody-dependent cellular cytotoxicity (ADCC)-mediated secretion of cytotoxic

granules and cytokines (Lopez-Montanes et al. 2017).

After this first wave of innate immune responses, the adaptive immune system begins to
monitor the viral infection and to contain the virus. The cellular and humoral responses
take place with the activation of T cells and the secretion of neutralizing antibodies.
CD8* T cells, present in tonsils and other lymphoid organs, mainly account for the
adaptive cellular responses following primary infection by recognizing viral antigen
epitopes presented by MHC class I molecules on infected B cells. Most of these epitopes
are derived from immediate early (IE) lytic genes, and less are from early (E) and late
(L) lytic genes (Pudney et al. 2005). The CD8* T cells also recognize epitopes from latent
genes, but at a significantly lower percentage, and these are mainly derived from the
EBNA3 proteins and LMP2. The role of CD4* T cells during primary infection is still not
well understood. They are probably more important in controlling established infections

(Hislop 2015).

The characterization of humoral responses to EBV is used today in routine clinical
diagnostics to determine the status of the infection (Figure 2.3). Normally, the first
contact with the virus results in the early generation of IgM antibodies against the viral
capsid antigen (VCA), but also IgG antibodies against the early antigen (EA) start to
evolve. Thus, EA and VCA antibody titers are used as markers for an acute primary

infection. Once the virus has established a prevalent latent infection, the VCA IgM
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antibodies decrease rapidly and are replaced by VCA IgG antibodies that are maintained
life-long. Due to their long persistence, IgG antibodies against EBNA1 are equally used as
a robust readout to determine if a patient or transplant donor is EBV seropositive

(Middeldorp 2015).
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Figure 2.3. Kinetics of the humoral response upon primary EBV infection. (Adapted from J.M.
Middeldorp, 2015). In the clinics, antibody titers against several EBV proteins like the VCA complex,
VCA p18, EA and EBNA1 are used to determine the EBV status of the patient. The dashed line for EA
indicates the presence of IgG antibodies, that correlate with a reactivation of the virus and possibly

appearance of an EBV-associated malignancy.

2.1.4. Glycoprotein 350 (gp350)

The EBV genome encodes 13 different glycoproteins (gp), most of which are only
expressed during the lytic cycle. Only one glycoprotein, BARF1, is also expressed during
the latent cycle in epithelial malignancies like NPC or GC (Hutt-Fletcher 2015) (Hoebe et
al. 2018). Most glycoproteins are part of the envelope and play a role either in virus
entry or in the assembly of virions. gp350, encoded by the BLLF1 open reading frame
(ORF), is the most abundant viral glycoprotein, and plays a key role in the attachment of
the virus to B cells by binding to cellular CD21 (also known as CR2) or CD35 (also
known as CR1) (Ogembo et al. 2013). gp350 is a type I transmembrane protein with a
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large N’ terminal extracellular domain, a single transmembrane domain and a short C’
terminal intracellular domain. The protein is highly glycosylated, especially at the CR2
binding region located in the N’ terminal domain, with 14 glycan chains. gp220 is a
splice variant of gp350 that lacks one internal exon (Hoebe et al. 2018). The function of
gp220 is still unknown, but conserves the binding region for CR2 and the glycosylation
structure. Studies in B95.8 cells showed that gp220 is expressed at a much lower level

than gp350 (Whang et al. 1987) (Szakonyi et al. 2006).

gp350 is the key viral protein for the infection of B cells. Moreover, gp350-specific
monoclonal antibodies (mAbs) that neutralize infection have been reported in EBV-
seropositive individuals (Thorley-Lawson and Geilinger 1980). Studies in sera from
patients with EBV-associated diseases like NPC, HD, IM and chronic symptomatic EBV
infection (CEI), have also shown the presence of gp350/220 specific mAbs (Xu et al.
1998).

gp350 is present on the viral envelope and also on the surface of some EBV infected cells
and therefore is a druggable target molecule. E.g. the 72A1 mouse gp350-specific mAb
(Hoffman et al. 1980) has been used in vitro and in a phase I clinical trial to prevent EBV
infection, but some participants developed human-anti mouse antibodies (HAMA) and
experienced complications like peripheral cyanosis, hypotension, and vomiting, that led
to an interruption of the treatment (Haque et al. 2006). In order to reduce these adverse
effects, humanized versions of the 72A1 antibody have been developed. The humanized
72A1 (hu72A1) antibody neutralized EBV infection of Raji cells, but did not block the
interaction of mouse 72A1 antibody with gp350, indicating structural changes during
humanization of the antibody, showing the challenges of antibody humanization

(Tanner et al. 2018).

2.1.5. Therapeutic strategies against EBV

Examples of preventive vaccines against herpesviruses are limited to Varicella-zoster
virus (VZV) and Marek’s disease virus (MDV), where attenuated live viruses are used as
a vaccine to induce protective immune responses comparable to regular infections.

From VZV vaccination, we know that live-attenuated herpesviruses can persist after
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vaccination in infected individuals (Hambleton et al. 2008). This, together with the fact
that EBV is an oncovirus with a very complex life cycle and able to infect several types of
cells using different sets of glycoproteins, contradicts the use of an attenuated live virus

as an EBV vaccine (Van Zyl et al. 2019).

First studies on an EBV vaccine have been performed already in 1985 (Figure 2.4).
Cotton-top tamarins, considered a reliable animal model for EBV at that time, that were
intraperitoneally immunized with isolated cell membranes from infected B cells or with
liposomes containing purified gp350, developed neutralizing antibodies and were
protected from EBV-induced tumours (Epstein et al. 1985). The first human clinical trial
was performed in China in 1995, when EBV positive adults and negative children were
vaccinated with a modified vaccinia virus expressing gp350. The vaccine induced
neutralizing antibodies but the cohort was very small, and nowadays this technique is
no longer in use due to the high risk of side effects (Gu et al. 1995). In 2007, a double-
blind placebo-controlled clinical trial with recombinant gp350 was performed. No
differences were found in the EBV infection rate between placebo and vaccine groups,
but the number of patients who developed clinical symptoms from IM was significantly
lower in the vaccinated group (Sokal et al. 2007). Nevertheless, the development of the
vaccine has been discontinued by GSK for unknown reasons. Another phase I trial using
an EBNA3A specific peptide was performed in 2008, which showed CD8* T cell
responses and a certain extent of IM protection. Due to the tetanus toxoids (TT) used as
an adjuvant to stimulate T cell responses, all vaccinated individuals developed
inflammation at the injection site. Although the peptide vaccination showed some
successful results, the large number of peptide combinations that will be needed to
cover the HLA repertoire of the entire population makes this option not suitable for a
global EBV vaccination (Elliott et al. 2008). Yet another gp350 vaccine was tested in
2009 without significant effects in children with chronic renal insufficiency undergoing
transplantation (Smith 2015). In 2011, an alternative strategy to create an EBV vaccine
took form by the use of virus-like particles (VLPs, see 2.2.1 for more details). Mice were
immunized with VLPs containing different EBV envelope and capsid proteins, they
developed broad EBV-specific cellular and humoral responses, including neutralizing

antibodies (Ruiss et al. 2011). VLPs from non-enveloped viruses are efficient vaccines
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against viruses like hepatitis B and human papillomavirus (HPV) and may therefore be

attractive candidates for an safe and potent EBV vaccine (Ogembo et al. 2015).

Taken together, EBV is associated with a relevant number of malignancies and an
unknown number of IM every year. In addition, the virus is supposed to be causally
involved in a number of other diseases like MS, SLE and Chronic Fatigue Syndrome (CFS),
among others. A safe and efficient vaccine would be an important achievement for the
prevention of these EBV-associated malignancies thus reducing the global burden of
EBV.

Phase I CD8+ Clinical assistment
Identification First human T cell response a gainst of EBV cancer
of gp350 clinical trial EBNA3A peptide vaccine
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Figure 2.4. Timeline of important hints for the development of an EBV vaccine. Adapted from
Cohen 2015 and Smith et al. 2015. The timeline reflects the important events take place during the

discovery of EBV and clinical trials made with potential EBV vaccines.

2.2. Subviral particles: Virus-like particles (VLPs) and Extracellular

vesicles (EVs)

Subviral particles are particles which are self-assembled structures released by virus
infected cells and carry one or more viral proteins but no viral genome. They can have
different sizes and structures depending on the virus from which they are derived, with
a diameter between 25 - 100 nm, and up to 150 nm in enveloped viruses. Subviral

particles carry proteins from the capsid and, if applicable, an envelope composed of
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cellular membranes decorated with viral glycoproteins, in particular the most abundant
ones, in their native conformation, mimicking the structure of the parental virus (Roldao
et al. 2010). These particles differ in their composition, but all of them are non-infectious.
Hepatitis B virus (HBV) infected cells release spherical or filamentous subviral particles
with equal surface composition as virions, and their concentration in serum can be
1,000 times higher than that of infectious virions (Bruss 2007). Another example is
human immunodeficiency virus (HIV) that uses the exosome morphogenesis machinery
in infected cells to release extracellular vesicles (EVs) carrying different HIV proteins
like Tat, Vpr, and also RNA (Patters and Kumar 2018). Also, within the Herpesviridae
family there are some examples of subviral particles, like the L-particles from Herpes
simplex 1 virus (HSV1), that are common for all a-herpesviruses. The L-particles contain
envelope glycoproteins and tegument proteins, and it has been suggested that they are
involved in immune evasion strategies of the virus (Heilingloh and Krawczyk 2017).
Human cytomegalovirus (HCMV) produces “dense bodies” (DB) after in vitro infection of
fibroblast cell cultures. These DB carry viral envelope glycoproteins and tegument
proteins, above all pp65 and gB, and are able to induce humoral and cellular immune
responses in vitro (Pepperl et al. 2000). In contrast, subviral particles of the human y-

herpesviruses, EBV and KSHV, have not been described so far.

2.2.1. EB-VLPs: characteristics, immune responses and applications

VLPs of EBV (EB-VLPs), as they were used herein, do not exist in nature but are rather
engineered in dedicated HEK293-derived producer cell lines. These cell lines harbor a
mutated EBV genome that lacks the viral packaging signals, the so called terminal
repeats (TR) (Delecluse et al. 1999) (Hettich et al. 2006). Consequently, the VLPs
released from these cell lines do not contain the viral genome as has been described for
example by sensitive qPCR analysis (Ruiss et al. 2011). This means that, in contrast to
the wildtype virus, VLPs are not infectious, and incapable to replicate. It has also been
shown that EBV-VLPs transport not only functional viral proteins, but also transduce
viral RNAs (tvRNAs) that are translated into functional proteins in freshly infected cells.
(Jochum et al. 2012).
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Due to their small size, EB-VLPs can easily migrate through the lymphoid system and are
efficiently internalized by antigen-presenting cells (APCs), especially B cells and
dendritic cells (DCs). After uptake, VLP-derived proteins are processed and presented in
conjunction with major histocompatibility complex (MHC) class I and II molecules to
finally trigger T-cell activation. It has been shown that VLPs can induce strong T cell
independent B cell responses, due to the presence of repetitive viral epitopes on their
surface, which lead to high titers of IgM antibodies against particular VLP protein
epitopes (Frietze et al. 2016). In addition, the repetitive epitope structures of the VLPs
create pathogen-associated molecular pattern motifs (PAMPs) that can activate innate
immune responses by Toll-like receptors (TLRs) and others pattern-recognition

receptors (PPRs) (Crisci et al. 2012).

The broad and potent cellular and humoral immune responses generated by VLPs,
together with their ability to freely move through the different organs, and their lack of
viral genomes make EB-VLPs a potent candidate to be used as a tool for vaccine
development. However, as of today, only VLP-based vaccines against three non-
enveloped viruses, hepatitis B (HBV), like Recombivax HB, Engerix-B, Elovac B, Genevac
B and Shanvac B; hepatitis E (HEV), like Hecolin, and human papilloma virus (HPV), like
Gardasil and Cervarix, are marketed, and several more are in clinical development
(Donaldson et al. 2018). EB VLPs as potential vaccine candidate were investigated e.g. by
Ruiss et al. 2011. The VLPs, secreted by a producer cell line, contained various EBV
proteins including gp350 and LMP2a, reactivated EBV-specific CD4* and CD8* T cells in
vitro, and induced broad cellular immune responses and neutralizing antibodies in

immunized mice (Ruiss et al. 2011).

2.2.2. Extracellular vesicles (EVs)

Cells constitutively release different types of vesicles like exosomes and microvesicles,
which differ in their composition, their morphogenesis and probably also their function.
These vesicles are today collectively termed extracellular vesicles (EVs). EVs have been
described for the first time already in 1967 as “dust” released from reticulocytes (Wolf
1967). Nowadays it is known that almost all cells secrete EVs and that they constitute an

important route of intercellular communication.
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What all EV subclasses have in common is that they are surrounded by a phospholipid
bilayer and that they contain a “cargo” consisting of proteins, lipids, and different types
of RNAs, which they transport from the cells of origin to target cells. EVs are small
vesicles with a 100 nm average size and in sucrose gradients float at a density of 1.13 to
1.19 g/ml. EVs can transfer information from cells of origin to target cells, but they are
also related with viral infections, immune responses, cancer and neurological diseases

(Colombo et al. 2014) (Kalluri and LeBleu 2020).

The role of EVs in the regulation of immune responses has been intensively studied
during the last decade. It was found that EVs released from APC carry MHC class I and
MHC class Il molecules and stimulate both CD8* and CD4+ T cells (Robbins and Morelli
2014). Also, engineered EVs carrying CD40L, gp350 and pp65 HCMV protein led to a
strong and specific reactivation of CD4+ and CD8* T cells from healthy donors and even
from patients with chronic lymphocytic leukemia (CLL) (Gartner et al. 2019). Moreover,
EVs containing LMP1, as released from EBV transformed B cells and present in serum
and saliva of NPC patients, interfere with the NF-kB signalling pathway and thereby
contribute to tumour immune evasion and thus progression (Houali et al. 2007)

(Hurwitz et al. 2017).

There are three main techniques to isolate EVs from biological fluids, (i) differential
centrifugation with several steps of ultracentrifugation, (ii) density gradient
centrifugation using sucrose or iodixanol, and (iii) size exclusion chromatography (SEC).
Each technique has its advantages and disadvantages, but the main problem for all of
them is the loss of sample material during the isolation process (Pluchino and Smith
2019). Isolation of EVs from peripheral blood is particularly complex due to the plethora
of draining proteins and other types of vesicles like liposomes. Moreover, it is known
that during coagulation to produce serum, platelets release additional particles, so that
for the analysis of EVs in the blood, plasma is the better choice. Several protocols have
therefore been developed based on a combination of techniques like ultracentrifugation
and SEC. It has been shown that the EVs numbers in plasma vary a lot from donor to
donor, with, in average, higher numbers in patients with infectious, autoimmune or
malignant diseases than in healthy individuals (Karimi et al. 2018) (Yafiez-M¢ et al.

2015).
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2.3. Therapeutic monoclonal antibodies

2.3.1. Brief story of antibodies

From the first documented smallpox inoculation in humans by Lady Mary Wortley in
1710s, to the serum transfer for the treatment of diphtheria in animals by Behring and
Kitasato in 1890, a lot of important achievements have been made in the field of
immunology, and especially in the field of antibodies (Figure 2.6). But the first real step
in the history of antibodies started in 1900, when Paul Ehrlich proposed his antibody
theory. He postulated the existence of receptors (“side-chains”) that bind to specific
antigens. This hypothesis became later known as the famous “magic bullet” theory
(Strebhardt and Ullrich 2008). In 1959, Edelman and Porter published at the same time
the structure of an immunoglobulin after papain treatment (Edelman 1959) (Porter
1959). Finally, in 1975 monoclonal antibodies (mAb) evolved, when Koéhler and Milstein
successfully generated the first stable hybridoma along a protocol that is still in use for
the production of mAbs (Kéhler and Milstein 1975). Since then, more than 500 different
mAbs have been tested with therapeutic purposes in clinical trials, and around 80 mAbs
have been approved by the United States Food and Drugs Administration (US FDA) (Lu
etal. 2020).
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Figure 2.6 Timeline of the important goals achieved in the history of monoclonal antibodies
(mAbs). The timeline shows important achievements in the antibody field. From the first concept of
smallpox inoculation in 1710s, the Muromonab, the first murine mAb that was approved, to the first

mAb approved for the treatment of a viral infection in 2018.

2.3.2. Structure and function of antibodies

Antibodies are the soluble form of the immunoglobulins, that are the B - cell receptors
(BCR). They are produced by antibody secreting cells (ASC), that are mature,
differentiated B cells, plasmablasts and plasma cells, whose main function it is to secrete
large amounts of antibodies into the blood. In humans, antibodies consist of two
immunoglobulin heavy (H) and two immunoglobulin light (L) chains creating a Y-shaped
basic structure (Figure 2.7), with a variable (V) region at the N-terminal end of the
molecule, consisting of two domains (VH and VL) where the antibody binds its specific
antigen, and a constant region (C) forming the core with four domains (CL, CH1, CH2 and
CH3), that are responsible for the effector functions of the antibodies. The structure of
the heavy chain is responsible for their classification as IgM, IgD, IgG, IgA and IgE. The

light chains are classified into kappa (k) or lambda (A), with a k:A ratio in humans of
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about 2:1. Changes in this ratio can indicate an anomalous proliferation of a B cell clone.
Treatment of an antibody with papain cuts it at the hinge region and releases two Fab
fragments and one Fc fragment. The Fab fragment, or antigen binding fragment, is
formed by the variable region and the first constant region of the heavy and the light
chain, which maintains the full antigen binding capacity. The fragment crystallizable
region, or Fc fragment, is formed with the constant domains of the heavy chain, and is
responsible for the effector functions of antibodies like antibody dependent cellular
cytotoxicity (ADCC), activation of the complement system, and opsonization. Moreover,
the Fc fragment is responsible for the transport of the immunoglobulins across
epithelial barriers. The hinge region that joins the Fab with the Fc part is partially
responsible for the flexibility of the antibodies, facilitating the binding of the antibody
even to epitopes that are located at long distances from each other (Murphy 2016).

:': variable

Fab part Light

chain
constant
Fc part

Heavy
chain

Figure 2.7. Structure of an immunoglobulin (IgG). Every immunoglobulin molecule has two light
and two heavy chains that consist of a variable region (V) and one or more constant regions (C). The
immunoglobulins can be divided into three parts, the variable fragment, Fv, the antigen binding
fragment Fab and the fragment crystallizable region Fc. Embedded in the variable regions are the
hypervariable domains, named CDR regions, which form the paratope, i.e. the part of the antibody

that binds to the antigen.

The variable region is different for each antibody, but this high variability is mainly

concentrated in three regions denominated hypervariable (HV) regions, which are
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separated by less variable sections denominated framework regions (FR). The
hypervariable regions create the binding site for the antigen, i.e. they are
complementary to the antigen that they bind, so they are denominated complementary -
determining regions (CDRs). The broad repertoire of specificities that antibodies have,
their affinity to a specific antigen are due to variations in length and amino acid
sequence of the six CDRs of each Fab fragment. (Murphy, K., Travers, P., Walport, M., &
Janeway 2017).

2.3.3. The humanization processes

Since the generation of the first hybridomas in 1975, monoclonal antibodies (mAbs)
have become important tools for the treatment of various diseases like inflammatory
diseases and cancer. Therapeutic mAbs can be classified into murine, chimeric,
humanized and fully human (Figure 2.8). The immunogenicity of the therapeutic mAbs
can be ranked as negligible, tolerable and marked. When less than 2% of the treated
patients develop an anti - antibody response (AAR) the mAb is classified as negligible, 2
- 15 9% is classified as tolerable, and more than 15 % as marked, these mAbs are not

usually used in the clinics (Hwang and Foote 2005).

The first therapeutic mAbs were of mouse origin and caused serious adverse events up
to anaphylactic shocks. Patients treated with murine mAbs that induced human anti -
mouse Abs (HAMA), and sometimes allergic reactions. In addition, they only have a
limited capacity to induce antibody-dependent cellular cytotoxicity (ADCC) reactions
due to the murine Fc region that inefficiently interacts with human Fc receptors (Lu et al.

2020).
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Figure 2.8. Schematic description of the different classes of therapeutic monoclonal
antibodies (mAbs). (I) murine mAbs, the whole mAb is of mouse origin, (II) chimeric mAb, that
contains murine Fab fragments while the Fc fragment is derived from a human immunoglobulin, (III)
humanized mAbs, which have murine CDRs grafted into a human immunoglobulin, and (IV) fully

human mAb.

In order to reduce the immunogenicity of murine mAbs, chimeric mAbs were developed.
They still contain the murine Fab part but the Fc part is replaced by a human Fc
fragment. However, many individuals treated with chimeric mAbs still produced human
anti — chimeric antibodies (HACA) but these were less pronounced, i.e. only 40 % of

them were described as marked (Hwang and Foote 2005).

The next major step towards deimmunization was the advent of the CDR-grafting
technique, in which the CDRs of a (normally) mouse mAbs are grafted into a human IgG
molecule, giving rise to so called humanized antibodies. Although most of a humanized
mAb is of human origin, patients can still develop human anti - humanized antibodies
(HAHA), mostly with a negligible AAR (Hwang and Foote 2005). Overall, humanized
mAbs are well tolerated by most patients and are in daily clinical use for the treatment
of an ever increasing number of diseases (Harding et al. 2010). Nevertheless, humanized
antibodies carry murine CDRs that can provoke immune reactions, especially when
applied repeatedly. For this reason, several approaches are aiming at the generation of

fully human therapeutic antibodies.

2.3.4. Technologies to generate fully human monoclonal antibodies



INTRODUCTION 24

Due to the therapeutic effects and economic success of therapeutic mAb throughout the
last years, technologies have evolved for the generation of fully human antibodies which
should, in principle, be the least immunogenic class of therapeutic mAbs. There are
three main protocols to generate and engineer human mAbs, (i) phage display, (ii)
transgenic mice and (iii) recombinant expression of the immunoglobulin light and heavy

chains isolated from B cells of patients recovered from a particular disease (Marasco and

Sui 2007).

The phage display technique, that was invented in 1985 (Smith 1985), is one of the
display technologies to produce large amounts of a peptide repertoire in bacteriophages.
Genes encoding VH and VL human fragments are amplified by PCR and cloned into
bacteriophages to create a combinatorial phage library of human variable region
fragments (scFv or Fab), the fragments are presented in the surface of phages and can be
used for binding and affinity screenings. The selected fragment can then be isolated
from the phage, cloned and used to develop a human IgG antibody (Carter 2006). One of
the antibodies in the market developed by phage display is Adalimubab, better known as
Humira®, a TNFa-specific mAb used in patients with rheumatoid arthritis and psoriatic
arthritis (den Broeder et al. 2002). The second technique uses transgenic mice, in which
the endogenous immunoglobulin loci are replaced by human immunoglobulin genes.
Hence these mice produce human mAbs upon immunization (Lonberg et al. 1994)
(Mendez et al. 1997).The first human mAb developed with transgenic mouse models
that was approved was Panitumumab (Vectibix®), specific for the epidermal growth
factor receptor (EGFR), which is used in patients with colorectal cancer (Tyagi 2005).
The third protocol developed makes use of EBV’s potential to immortalize human B cells
(LCLs) from recovered patients into LCLs (Antonio Lanzavecchia 1985) (Traggiai et al.
2004). These LCLs are then single-cell cloned, their supernatants are tested for specific
antibodies, and the specific immunoglobulins of the producer LCLs are amplified and
cloned. Several improvements have been achieved during the last decade to implement
the transformation efficiency. Another variant for the single B cell technology combines
the use of single human B cell with state-of-the-art gene cloning technology. Here,
primary B cells from infected individuals are directly single-cell sorted by flow
cytometry and the heavy and light chain of single cells are amplified by RT-PCR (Tiller et

al. 2008). Afterwards, the sequences are cloned into a suitable expression vector and
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transfected into suitable cells like CHO or HEK293 to express the human mAbs (Wang
2011). The disadvantage of this technology is that normally a large number of different
mAbs has to be recombinantly expressed before their specificity can be tested. Thus, this
technology is expensive and very laborious. However, many mAbs have been developed
with this technology against viral infections, e.g., Ebola virus (Rijal et al. 2019), HIV
(Walker et al. 2009), or SARS coronavirus (Traggiai et al. 2004)

2.3.5. Human monoclonal antibody therapy of viral infections

The first reports of using antibodies against viral infections dates back to 1907, when
sera from recovered measles patients was used as a prophylactic treatment. Later, sera
were substituted by pooled human immunoglobulins as they are still in use against
rubeola or hepatitis A, or hyperimmune IgG against human cytomegalovirus (HCMV),
respiratory syncytial virus (RSV), hepatitis C (HCV), rabies, vaccinia, etc. The problem
with these polyclonal preparations is that they only contain a small fraction of specific
antibodies and that different batches can vary in their composition and thus efficacy

(Marasco and Sui 2007).

With the development of new protocols for mAbs production, the treatment of viral
infections has been successfully improved. Today, there are several mAbs in clinical
phases 2 or 3 against HCMV, at least five mAbs against influenza virus in either phase 1
or 2a, and one mAb already approved by the FDA against HIV and others are pending,
several mAbs against HRSV, that affects neonates and infants, and one mAb in review
against Ebola. Antibodies against Zika virus, rabies or dengue have been intensively
studied in research institutions all over the world but none has reached the clinical state

until now (Salazar et al. 2017).
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2.4. Aim of this thesis

The Epstein - Barr virus (EBV) is a human herpesvirus that normally infects children,
mostly without clinical symptoms. In the developed world however, an increasing
number of primary infections only occur during adolescence or adulthood, where they
regularly cause a transient disease called infectious mononucleosis (IM). EBV was also
the first human oncovirus described, which, as we know today, is directly related with
approximately 200,000 cases of new cases of cancer worldwide every year. EBV

infections can also be life-threatening in immunocompromised patients.

EBV, like all herpesviruses, persists life-long asymptomatically in healthy carriers. How
the virus co-exists in equilibrium with its host despite broad antiviral humoral and
cellular immune responses, including high EBV-specific antibody titers, and significant

numbers of T cells, is not currently understood.

gp350 of EBV is well characterized as the late lytic viral envelope glycoprotein that
interacts with human CD21 on B cells, thereby significantly triggering infection and
internalization. Untypically, the protein is also expressed on latently EBV-infected cells

and is released in extracellular vesicles.

The roles of gp350 as an antigen in EBV-seropositive individuals and as a druggable
molecule for targeted therapeutic approaches are less well understood. Likewise, its
expression on the surface of EBV-infected (tumour) cells makes gp350 an attractive

target molecule for specific therapeutic regimens.
The aim of this study was therefore

e to analyse the presence of gp350-specific antibodies and protein in the blood of

healthy EBV-seropositive donors.

 to exploit, in collaboration with Prof. R. Stripecke (MHH), a new humanized mouse

model for the generation of the first fully human gp350-specific monoclonal antibody.
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3. Materials

3.1. Bacteria

DESCRIPTION

E.coli DH5a F- endA1 gInV44 thi-1 recA1l relA1 gyrA96 deoR nupG ®80dlacZAM15
A(lacZYA-argF)U169, hsdR17(rK- mK+), A - (Hanahan 1983)

3.2. Eukaryotic cells

NAME DESCRIPTION

B- Blast Conditional immortalised B cells by CD40L stimulation from LL8
cells and 2ng/ml IL-4, provided by Andreas Moosmann group
(Wiesner et al. 2008)

B95-8 Marmoset lymphoblastic cell line immortalized by EBV infection
(Miller et al. 1972)

HEK 293 Human embryonic kidney cells transformed after transfection with
DNA from human Adenovirus Type 5 (Graham et al. 1977)

HEK293 2089  Human embryonic kidney cell line (HEK293) stably transfected with
the maxi-EBV plasmid (p2089) (Delecluse et al. 1998)

HEK293 6008 HEK293 stably transfected with the maxi-EBV plasmid (p6008)
(Generated by M.B., Hammerschmidt lab)

HEK293 6507.8 HEK293 stably transfected with the maxi-EBV plasmid (p6507.8)
(Generated by W. Hammerschmidt)

LCL Lymphoblastoid cell line derived from B